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ON THE PASSAGE OF A STAR THROUGH A NEBULA 
By ERNEST W. BROWN 
ABSTRACT 

Effect of the passage of a star through a nebula consisting of a swarm of particles; 
theory.—Neglecting the effects of mutual collisions between the particles when the 
swarm is undisturbed as well as the gravitational attraction of the swarm on its con- 
stituents, the author derives the formulae for the hyperbolic motion of the particles 
and shows that all those originally at a distance b from the path of the star will cross 
that path at the same point at a distance }?/2a behind the star, where a is the ratio 
of the mass of the star to the square of its speed, V?._ If we suppose that as a result 
of this focusing action collisions occur along the path of the star, these might produce 
a gaseous appendage of conical form with an angle 8 such that sin 8 is equal to the 
ratio of the mean velocity of the gas molecules to V. 

Variable nebula N.G.C. 2261 (Hubble), with fan-shaped appendage.—The above 
theory suggests an explanation of the form of the appendage, and certain numerical 
consequences as to the mass, scale of magnitude, distance, and life of this object are 
deduced. 


The general problem of the phenomena produced when a star 
encounters a nebula is one of great complexity and one which 
can only be properly treated by extended mathematical and physical 
investigations. In any case it must demand numerous assump- 
tions concerning the physical conditions of both star and nebula. 
But there are certain forms of the problem which will yield to 
more simple treatment and which may furnish a qualitative idea 
of the phenomena and also some indications of the numerical 
magnitudes involved. It is one of them to which attention is 
drawn in this paper, illustrations being furnished by certain 
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planetary (?) nebulae and in particular by Hubble’s' variable 
nebula, N.G.C. 2261=H. IV 2=h 399=G.C. 1437. 

I assume at the outset that the ‘‘nebula”’ involved is a swarm 
of discrete particles or small masses, the swarm being of very 
great extent but with such low volume density that we may 
neglect the effects of mutual collisions between the particles when 
the swarm is undisturbed, as well as the gravitational attraction 
of the swarm on its own constituents. The star is supposed to be 
passing through the interior of the swarm with constant velocity 
relative to the swarm: this involves the further assumption that 
the retardation of its motion produced by collisions is very small 
compared with the other velocities involved. Since the relative 
motion of the star and the swarm is alone involved in the investi- 
gation, I shall suppose that the star is at rest and that the particles 
of the swarm have a velocity V, constant in magnitude and direc- 
tion at a great distance from the star, this velocity being only 


P 
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FIG. 1 


changed on the approach of the particle to the star by the attraction 
of the latter. 

Under these conditions, every particle of the swarm moves as 
though the rest of the swarm did not exist, except in so far as the 
attraction of the star may later cause collisions. 

Let S be the center of the star and draw A’SA parallel to the 
direction of motion of each particle of the swarm when at a great 
distance from the star. Let PB be the orbit of a particle during 
its passage near the star. This orbit is a hyperbola, the antecedent 
asymptote of which is parallel to A’SA; let the orbit intersect SA 
in B. Since we have to deal with a swarm, there will exist a ring 
of such orbits, all of them intersecting at B, which will therefore 
be a center of collision for the particles following these orbits. 
There will similarly be centers of collision at all points of SA, 


* Astrophysical Journal, 44, 190, 1916. 
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starting from some point near S and extending to infinity in the 
direction SA. 

Three classes of phenomena have to be considered. First, the 
orbits of particles before they intersect the line SA; second, the 
motions after collision along this line; third, the effects of particles 
which collide with the star, since we must suppose the latter to 
have an appreciable diameter. 

Under the limitations imposed, the investigation of the first is 
simply that of hyperbolic motion applied to this particular case. 
The effect of the third may be dismissed briefly, since the sup- 
position that the relative velocity of the star and of the main body 
of the swarm is not sensibly affected will be retained throughout. 
The second is that which presents the features of chief interest 
and which is assumed to be mainly responsible for the visible 
phenomena. 

HYBERBOLIC MOTION 

I now develop the formulae for hyperbolic motion which will 
be required. 

Take S as origin and SA’ the initial line for the polar co-ordinates 
r, 6 of a particle P at time ¢. Let uw be the mass of the star in 
astronomical units and b the perpendicular distance of P from SA’ 
at time = — 0, when it is moving parallel to A’S with velocity V. 
Then the well-known equations of motion are 


or _(2)'= m 


? 


dt? dt r? (1) 


dé R e 
rh =moment of velocity =constant=)} 
Cc 


The equation of the conic which satisfies these equations is 
I , : 
=n cos 0+ B sin @+C, (2) 
where A, B, C are constants to be determined by the given condi- 
tions of the problem. 


Differentiating (2) with respect to the time and substituting 
for d6/dt from the second of equations (1) we obtain 


a (A sin 6@—B cos @)bV. (3) 
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Differentiating again and substituting for d’r/di? and for d6@/dt 


from (1) we find 


_ wv? oY 
(A cos 6+ sin 6) - =—* , 
r? rs a 
or 
A cos 6+8 sin (—*=—- = s, (4) 
in which we have defined a by putting 
p=aV’. 
To determine A, B, C we are given that dr/dt=—V and r= 


when @=o. Substituting these values in (2), (3), (4), we obtain 


A+C=o, —V=—B.-bV, A=—5,. 
Hence (2) and (3) become 
° = (1—Ccos 6), +sin 6, (2a) 
d ; ; 
a7 —V (cos 0+) sin 6), (3a) 
to which the energy equation, 
= «re. e 
v= (7) +r(5) =H , (s) 


may be joined, where v is the velocity at distance r. 
Let SB be denoted by c. Then r=c when @=:7 and we 
obtain from (2a), (3a), 
& 8dr ' 
r=c=—, =V, when 6=r7. 6) 
2a’ dt . (6, 
The point of closest approach to the star (periastron) is obtained 
by putting dr/di=o; let @=a at this point. Then from (3a) 
we have tana=—b/a. Thence from (2a), 


r=V a@+6*—a_ when dr/dt=o. (7) 


Let R be the effective radius of the star, that is, the closest 
distance at which any particle does not collide with any part of 
the star’s mass. The smallest value of 6 for such a particle is, 
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from (7), given by b?=R?+2aR. Since c=b?/2a, the smallest 
possible value of c (which will be denoted by c,) is given by the 
equation 


Co=—+R. (8) 


It is understood that when the star has a gaseous envelope any 
particle which is retarded by the envelope is retained by the star; 
this assumption can be modified later. 

We now deal with the motions of the particles after the col- 
lisions have taken place along the line SA. The velocities perpen- 
dicular to SA being destroyed by the collisions, the particles, 
supposed inelastic, will begin to move along SA with velocity V, 
as shown by equation (6), whatever value c may have; this velocity 
will be decreased in the succeeding motion by the attraction of the 
star. 

The ideal case in which all collisions take place on SA will be 
retained while the effect of the collisions is considered. I suppose 
that enough heat is generated by the collisions to turn all the 
incoming matter into a gaseous condition and that the gas immedi- 
ately starts to obey the laws of an ordinary gas. Under the 
conditions laid down, there is no restriction on the motions of its 
molecules, that is, there is no external pressure. They will there- 
fore begin to move with their proper molecular velocities relatively 
to the motion of the whole mass. Let the mean molecular rela- 
tive velocity be U. From each point of SA will then start a 
spherical wave whose radius increases at the rate U while (if we 
neglect the retardation produced by the attraction of the star) 
the whole sphere moves with velocity V’ parallel to SA. The 
wave front will therefore lie along a cone of angle 6 such that 

, 


, Ll 
sin B= y° 


Molecular velocities are of the order of a kilometer per second 
while stellar velocities are of the order of twenty kilometers per 
second on the average so that we should expect the cone in general 
so have a very small angle. If, however, V be of the order of 
two kilometers per second, the angle rises to the order of 30°. 
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With a low relative velocity we cannot neglect the retardation 
produced by the attraction of the star. The principal effect is 
to diminish V as ¢ increases and therefore to increase 8. The 
generating lines of the cone enveloping the wave-front, instead of 
being straight, will be curved with convexity toward SA. 

Next, the particles of the swarm are pouring into this expand- 
ing gas when the process is in full operation and the collisions no 
longer take place on SA; they will in general be changed into a 
gaseous condition by collisions with the molecules of the latter 
before they reach SA. In the mean, the velocities perpendicular 
to SA are still destroyed owing to the symmetry of the whole 
process with respect to this line. The velocity parallel to SA 
before collision at any point whose co-ordinates are 7, 6, is from 
(1), (3a), (2a), 


= cos gar sin §@=-—V cos? 04% sin 6 cos a) -" sin 8 


" = ‘ / . 7 / 
=—] ) cos? e+ sin 6 cos 6+ sin 6 (1—cos 8)+sin? 6 - 
| b b \ 
=— v( 1+ “sin 6) ' 
b 


As @ is less than z for all such cases, the actual velocity paral- 
lel to SA communicated to the expanding gas is greater than if 
the collisions took place on SA, but tends toward V with increasing 
magnitude of the periastron distance. The tendency is therefore 
to diminish the angle of the cone. This action, however, is also 
less effective near the vertex of the cone; the result is to produce 
a curvature of the generating lines of the wave-front surface with 
concavity toward SA and therefore in the opposite direction to 
that found in the previous paragraph. Considerable internal 
motion will be produced in the expanding gas, but I am chiefly 
considering here the outline of the wave-front. 

Next consider these portions of the stream which collide with 
the star so as to become portions of its mass. Whatever the 
original condition of the star on the approach of the swarm, the 
collisions will heat up its surface and in time produce a gaseous 
envelope which will increase the effective radius of the star, the 
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latter being the radius within which capture of the particles of 
the swarm takes place. Further, although the captures take 
place mainly in the front portion of the envelope, the impulses as 
well as the gravitational attraction of the nucleus will tend to 
spread the envelope to the rear portions so that the envelope will 
probably remain approximately spherical. 

There will be a number of particles which are not sufficiently 
retarded by the outer portions of the envelope to be captured; 
these will pass through with velocity diminished by this cause 
and so intersect SA in points which are at a less distance from 
S than C,. A clear outline of the vertex of the fan cannot there- 
fore be expected. 

Before we attempt to compare these deductions with observa- 
tion it is necessary to examine the light given out. Consider the 
mass of gas produced at any moment in the envelope of the star 
and in the fan before it has been cooled by expansion and radiation. 
The latter processes are gradual and considered alone would pro- 
duce in the fan a triangular-shaped projection whose central por- 
tions are bright, with diminishing light toward the sides and rear. 
But the incoming stream on meeting the wave-front should be 
rapidly converted into heated gas and so tend to outline the latter 
with some approach to definiteness, and there does not seem to 
be any reason to expect systematic variations in the light of any 
part of the projection along lines perpendicular to SA; naturally, 
toward the rear there will be a gradual diminution of the light 
given out. No such definite outline is to be expected in the 
envelope of the star since its matter is being continually arranged 
in layers of increasing density with but little loss of heat due to 
expansion; the interior portions will have the highest temperature. 

This attempt to outline the character of the phenomena pro- 
duced under a speculative hypothesis must be treated with con- 
siderable reserve in the absence of any calculation. But it does 
not seem useful at the outset to go into details before the possi- 
bilities and probabilities of the principal features have been under 
discussion. With the knowledge which has been gathered of the 
distribution and motion of matter in space it appears that the 
passage of a star through widely diffused matter will be by no 
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means a rare phenomenon like that of the close approach of two 
stars. As a matter of fact this investigation was begun in order 
to examine the possibilities it might furnish of the evolution of a 
planetary system. During a visit to Mount Wilson last spring in 
which the idea was discussed, my attention was called to Hubble’s 
variable nebula as possibly furnishing an example of the phenomena 
outlined above. As is well known, this object consists mainly of 
a starlike nucleus (which is known as the variable star R Mono- 
cerotis) with a fan-shaped appendage. Attention, however, had 
been mainly directed to the variability in the light-giving power 
of the fan rather than to its mode of formation. 

On the hypothesis of this paper the sine of half the angle 
formed by the two sides of the fan should give the ratio of U to V, 
that is, the ratio of the molecular velocity of the expanding gas 
to the relative velocity of the star and swarm. In Hubble's 
nebula (N.G.C. 2261) this half-angle is about 30°, giving a relative 
velocity of the order of two kilometers per second. The equation 
u=aV? thence gives a relation between uw the mass of the star and 
a the ‘“‘scale” of the system. Let wu, be the mass of the sun, V, 
the mean orbital velocity of the earth, and a, the mean radius of 
the earth’s orbit. Then since V, is approximately 30 kilometers 
per second, we have 

M_a ee I a (0) 
Mo G Vi 225 a 

By equation (8) the distance of the vertex of the cone from 

the center of the star is 


Ce =“ +R (8) 
2¢ 


The photographs seem to show that c, and R are of the same 
order of magnitude. If c,=2R, we have a=5R. It is to be 
noted, however, that a increases rapidly with a decrease of c,—R. 
It is immaterial which of these quantities we use to denote the 
scale of magnitude of the system. I have adopted a for convenience. 

There is no direct information available as to the parallax, but 
from indirect evidence Hubble (loc. cit.) believes that it is measur- 
able, provided suitable definition of the center of the nucleus 
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can be obtained photographically. The general information now 
available concerning the magnitudes of such objects seems to 
indicate the same fact. We may, in fact, expect a mass com- 
parable with that of a star. If this is the case we should expect 
a corresponding scale of linear magnitude. If the mass of the 
nucleus of the nebula is the same as that of the sun, equations 
(8), (9) show that the effective radius would be 450 times that of 
the earth’s orbit. It may be conjectured that the mass lies between 
1/10 and 10 times that of the sun, giving an effective radius be- 
tween 45 and 4500 times the radius of the earth’s orbit. With the 
exposures hitherto made’ the maximum radius of the envelope is 
about 5’. If this be also the effective radius, the parallax should 
lie between o”1 and o”oo1, so that there is reason to hope that a 
direct measure of this latter quantity may be obtainable. 

The nebula has been photographed for about twenty years. 
In the period 1908 to 1916, there is no very noticeable change in 
the angle of the fan, indicating that, én the hypothesis of this 
paper, the change in relative velocity during this time is small. 
The same thing is indicated in the later photographs of Lampland. 
If we suppose that the velocity during 20 years has averaged 
2 kilometers per second, the distance traversed in that time will be 
1.310% kilometers, a small quantity in comparison with the 
extent of nebular clouds. ‘There seems to be no reason why the 
present conditions may not continue for a considerable period. 

The outstanding feature of the fan is its rapid, irregular varia- 
tion in light-giving power in different parts while its outline remains 
approximately the same. ‘These variations may be attributed to 
local variations of density in the swarm and perhaps also to cumu- 
lative effects in the interior of the fan which are released in pulses 
rather than continuously. It is premature to discuss hypotheses 
to account for the fact that one side of the projected fan is slightly 
concave to the interior while the other side is slightly convex. 
There is a small circular condensation close to the nucleus and in 
front of it at an angle of about 45° to the axis of the fan. Hubble 
(loc. cit.) believes that there is evidence that this object has moved 


‘I am indebted to Mr. C. O. Lampland for the opportunity to examine many 
of the photographs which he has taken of this nebula at the Lowell Observatory. 
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toward the center of the nucleus at the rate of about 0”5 a year: 
if motion of this object around the nucleus can be detected, some 
interesting further possibilities in the development of the hypothe- 
sis of this paper will be open to consideration. It is, however, 
difficult to see any explanation for two faint wisps of nebulosity 
projected to some distance from the nucleus in front and sym- 
metrically situated with respect to the axis of the fan, although 
they appear to follow the tracks of particles which later collide 
with the star. 

In No. 81 of the Bulletin of the Lowell Observatory (3, 63, 1918) 
V. M. Slipher states that the nucleus and the fan have the same 
spectrum. It is necessary for the hypothesis that this should be 
so, for the external part of the nucleus as well as the fan must 
consist mainly of gas derived from the particles of the swarm after 
the envelope has once been formed. Slipher and Lampland also 
notice that the spectrum resembles that of a nova in its earlier 
stages, an interesting observation in view of the speculations which 
have been made as to the mode of formation of the latter objects. 

Certain other nebulae exist in which the fan-shaped appendage 
is replaced by one with nearly parallel sides. Opportunity to 
examine photographs of these was also afforded me at Flagstaff 
last spring. If these nebulae are formed in a manner similar to 
that assumed for Hubble’s nebula, we should conclude that the 
relative velocity of the swarm and star was much greater than 
2 kilometers per second. In view of known stellar velocities these 
should prove to be the more common objects of thisclass. Further, 
it is to be noted that these objects must be seen in a direction 
nearly perpendicular to that of relative motion. For such objects 
viewed along or nearly along this direction, the appearance would 
be very different, ranging from an oval-shaped nebulosity with the 
star on the longer axis but away from the center, to a circular 
nebulosity surrounding the star. It might be hoped that relative 
displacements along the line of sight could be measured as a test, 
but the faintness of these objects is at present a serious obstacle 
to such measures. References to previous observations of these 
objects will be found in the first paper of Hubble referred to above. 

YALE UNIVERSITY 

December 1920 

















ON THE GEOMETRICAL CLASSIFICATION OF LONG- 
PERIOD VARIABLES 
By J. G. HAGEN 
ABSTRACT 

Classification of long-period variables—The writer gives a table of the constants 
of the light-curves of 66 variables as determined by harmonic analysis, and shows 
that on the basis of these constants the variables fall into three groups which coincide 
with the three main classes given in the Harvard Annals for 1907: (1) with uniform 
variation, (2) with broad minima, and (3) with a rapid increase. The first group 
corresponds in general to Phillips’ Group I, and the last two are subdivisions of his 
Group IT. 

I 

A large amount of material on long-period variable stars is 
contained in the Harvard Annals, 57, Part 1 (1907). The observa- 
tions were mostly made at Harvard and the reduction was intrusted 
to Mr. L. Campbell. The results are there presented in very 
convenient form, in a statistical Table XII and on two Plates I 
and IT. 

1. Of all the seventy-five stars discussed in that volume, sixty- 
seven were found regular enough for showing graphically the 
different forms of light-curves. They are divided into five groups, 
two of which comprise only four stars each and might well be 
taken as modified forms of one or other of the larger groups. In 
fact the four curves of “broad maxima” and the other four of 
“rapid decrease’ look like accidental irregularities from the large 
class of ‘‘uniform variation.’’ Thus premised, the two Harvard 
plates exhibit three classes of light-curves with these character- 
istics: uniform variation, broad minima, rapid increase. 

2. It is true that on page 209 it is expressly stated that these 
groups must not be considered as establishing different classes of 
long-period variables, and it may be that no further attention 
would have been paid to them, had not the Rev. T. E. R. Phillips 
subjected the very same stars to harmonic analysis and, in the 
main, reproduced the same classification. In his presidential 
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address before the British Astronomical Association, October 25, 
1916, Phillips gave the results of his analysis and, from the relation 
between the phases of the second and third harmonics, recognized 
two principal groups of light-curves. 

The writer has followed up the subject in the Monthly 
Notices (79, 572, 1919) and in the Astronomische Nachrichten (209, 
257, 1919) and tried to show that from the same harmonics three 
groups of light-curves can be deduced and that these groups coin- 
cide with the three classes of the Harvard plates. The coincidence 
was naturally to be expected because the coefficients and phases 
of the harmonic formulae are deduced from the ordinates of the 
light-curves and cannot reveal qualities other than those contained 
in the drawings. Yet the writer’s argument did not seem generally 
convincing, probably because he did not enumerate the stars of 
each group and did not represent the groups ina diagram. Supply- 
ing both points seems to be justified by the importance of the 
subject. While the short-period variables are divided into two 
classes distinct not only apparently by the shape of their light- 
curves but in their physical constitution, the long-period variables 
are so far from being physically understood, that at least their 
geometrical classification should be brought out as clearly as 
possible. 


IT 


The following three tables contain all the stars whose light- 
curves are graphically represented on the two Harvard plates, 
though they do not comprise all the stars examined by Phillips. 
The stars are arranged by Pickering’s catalogue numbers, i.e., in 
the order of R.A. 

In the column (M—m)/P the notation is Chandler’s for 
the time from minimum to the next maximum divided by P, the 
period of variation. The fraction is readily transformed into the 
quantity considered by Professor Turner: 


a=}2(M—m)—P}/P. 


The last three columns are taken from Tables II and III 
Phillips, including also the doubtful stars, which are distinguished 
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by parentheses. It appears at once that Phillips examined all 
the Harvard stars except V Cancri. 

The angles ¢, and ¢; are the phases of the second and third 
harmonics in the formulae of the light-curves; wherever necessary 
they have been diminished by 360° in order to make their differences 


TABLE I 


STARS OF UNIFORM VARIATION 

















Star’s No. Name | (M—m)/P a ds | Phillips 
001726 T Andromedae | 0.47 | +110° + 80° II 
001755 T Cassiopeiae 58 — 36 Ig! I 
O11272 S Cassiopeiae 42 | +135 107 II 
021024 | R Arietis 50 | + 13 197 I 
050053. ..| R Aurigae 53 — 58 216 I 
005355 | R Lyncis 40 + 42 211 I 
072708 | S Canis Minoris | 48 | + 33 207 I 
084803 S Hydrae 47 | —2 189 I 
085008 ; .| T Hydrae | 490 | +(10) a” 2 eee 
094211 ...| R Leonis 45 | +114 154 I 
123307 R Virginis 48 | + 10 216 I 
123061.. ..| S Ursae Majoris | 48 + 7 263 I 
124006 ; ..| U Virginis 49 — 15 107 I 
132202 ‘ | V Virginis 40 +179 182 II 
134440 R Canum Ven. 40 | + 14 205 I 
141954 S Bodtis .49 — 2 258 I 
142584 R Camelopardalis 50 | + 7 213 I 
$45257.. <.:. | R Bodtis .48 | +126 202 I 
151520 |S Librae 37 + 37 186 I 
163200.. wee R Draconis | .44 | +122 60 II 
164715. | S Herculis 45 — 77 187 I 
170215. ..| R Ophiuchi | 47. | +192 195 II 
180531 ....| T Herculis | 48 | + 51 160 I 
IQIOIQ... LR Sagittarii 44 «| +147 04 II 
201008. ... ...| R Delphini 49 | +166 171 II 
201647... | U Cygni 44 | + 28 188 I 
204405 T Aquarii .50 | +(171) (242) re 
205923 R Vulpeculae 41 | + 43 153 I 
210868 | T Cephei 54 — 65 205 I 
213678 S Cephei 0.59 — 97 +204 | I 

Sum 30 | 14.34 | 1403 | 5693 eee 

Mean ; her } 0.48 | + 47° | +190° |...... 





from the mean of each group less than 180°. The angles thus 
reduced will give more correct figures for the “range” within 
which they vary for each group than the uncorrected angles. 

In the last column the ‘‘group”’ found by Phillips is assigned 
to each star. 
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TABLE II 
STARS WITH BROAD MINIMA 

Star’s No. Name (M—m)/P a ds Phillips 
oome........ S Ceti 0.46 +178 +105 IT 
012502... R Piscium 45 154 113 IT 
021403... o Ceti (Mira) 36 118 Ts) II 
042209..... R Tauri 40 180 107 IT 
042309 S Tauri 26 149 105 II 
ee R Cancri 52 169 154 IT 
120905 T Virginis 37 177 159 II 
OS R Corvi 45 162 147 II 
BR env neon Y Virginis 44 (154 8 
132422 R Hydrae 43 165 181 II 
ae S Virginis 40 159 101 II 
oo! ee ..| S Serpentis 43 176 125 II 
s6ttsa).........| S Scorpi 54 167 140 IT 
ee U Herculis 40 154 III II 
163137... W Herculis .43 148 125 II 
a re |S Cygni | 52 233 +206 I 
ee | V Cygni 38 (138 — (2¢ ' 
ee | R Pegasi 35 164 +133 IT 
SS ee R Aquarii | “nas +176 +160 II 

Sum 19 8.08 3121 2383 

MeOnh........ 0.43 +164 +125° 

TABLE III 
STARS WITH RApiIp INCREASE 

Star’s No. Name (M—m)/P ga 3 Phillips 
O08Ga8. 6... R Andromedae 0.38 + 97 +- 66 II 
e2n008........: R Ceti 37 80 226 I 
ae U Ceti 31 55 241 I 
GN 6s sa0ces%s U Orionis 39 126 106 Il 
O70122a.. | R Geminorum 2 98 25 II 
OBIGET «06 6c esas V Cancri Be, ee Bry i b 
ee | R Leonis Minoris .40 141 106 II 
SOS700. 605250 R Ursae Majoris 40 126 75 IT 
PS Ss ays yes R Comae Ber. 33 122 + 32 II 
Ce T Ursae Majoris 2 04 — 4 IT 
sea S Coronae 40 104 + 69 II 
a R Herculis 44 | 136 102 II 
161122a .| R Scorpii Be 136 137 Il 
I are R Cygni 36 | 103 93 I] 
eee | x Cygni .46 (131) (154) els 
ere S Aquarii 36 103 21 II , 
ee S Pegasi 43 «| 105 02 II 
i ae | R Cassiopeiae | 0.40 | +118 | + 89 II 

ee 17 (+V Cancri) 7.12 1875 ih nee 

BOGOR... EA Noe as Meenas | 0.40 +110° oe ie 

' 
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2. There are some discrepancies between the two classifications. 
Among the thirty stars of uniform variation seven are ascribed 
to Group II, but three of them are near the intersection of the two 
straight lines in Phillips’ diagram. Again there is one star of 
Group I among the nineteen stars with broad minima, also near 
the point of intersection, and two stars of Group I in the third 
table. A percentage of six contradictory cases among sixty-six 
common stars seems to be small, in view of the fact that partly 
different light-curves were used for the two classifications. How 
much the light-curves of long-period variables differ from one 
appearance of the star to another may be seen from the mono- 
graphs of Heis, Guthnick, and Rosenberg on the typical stars o Ceti 
and x Cygni. 

TABLE IV 
MEAN RESULTS 














Groups Licut-CuRVE CO-ORDINATES RANGE 
ye « | | 
Phillips Harvard Stars (M—m)/P a ga 3 | ge | gy 
a Uniform variation 30 0.48 |—0.04 | + 47°} +190°| 296°} 300° 
IIa...| Broad minimum. . 19 0.43 |—0.15 | +164] +125 115 | 212 
IIb. ..| Rapid increase. .. 17 0.40 |—0.21 | +110] + 97 110 | 245 


The discussion of the results is made easy by Table IV in which 
the mean values of the preceding tables are united, and by the 
accompanying diagram, where the phase-angles ¢, and @, are 
taken as co-ordinates of the stars, following Phillips’ model except 
that different types are used to distinguish the stars of the three 
groups. It is to be noted that the diagram has eight stars less 
than that of Phillips. 

1. The main result brought out clearly by both table and 
diagram consists in this, that there are three characteristic groups 
of light-curves and that these groups are roughly identical with 
the three classes of the Harvard plates: curves of uniform variation, 
curves with broad minima, and curves with rapid increase. 

2. A secondary feature of Table IV and of the diagram is that 
uniform variation appears to be the general rule and that the 
other two types of light-curves are more like exceptions, though 
rather frequent ones. Indeed, several columns of Table IV show 
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a numerical progression from the first to the third class, e.g., in 
the values of (M—m)/P or their equivalent values a, so aiso 
does the column of the mean co-ordinates ¢,. Yet on the whole 
the first group differs more from the other two than these dif- 
fer among themselves. ‘The first group comprises nearly one-half 
of all the stars examined and the range of its phase-angles is 
much wider than that of the other groups. For this reason the 
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Fic. 1.—Classification of long-period variables. Ordinates, —10 to + 340, 
represent $;; abscissae, —70 to +230, represent ¢,. 
main division, proposed by Phillips, into Groups I and II is justified: 
it separates the uniform light-curves from the less regular ones; 
but these deviations from the regular type should be specified by 
the subgroups IIa and II. 

By thus giving the classification of the long-period variables 
its precise geometrical interpretation it is hoped that a small 
step is made forward toward the physical explanation of these 
stars, a problem for which no definite solution has so far been 
obtained. 


VATICAN OBSERVATORY, ROME 
September 12, 1920 














CHARACTERISTIC BEHAVIOR OF THE BRIGHT LINES 
IN STELLAR SPECTRA OF CLASS Md! 


By PAUL W. MERRILL 
ABSTRACT 


Periodic changes in the emission lines of spectra of Class Md variables —R Leonis, 
R Hydrae, R Serpentis, X Ophiuchi, x Cygni, and T Cephei have been observed spec- 
troscopically over a considerable part of their light periods, from two to twelve spectro- 
grams having been made of each. The intensities of Hé, Hy, \ 4202 Fe, A 4308 Fe, 
\ 4571 Mg, and some other bright lines at the different phases are recorded in Table IV. 
A compilation and discussion of past and present data referring to these lines shows 
that they appear after light minimum, in the order mentioned, in every long-period 
variable of Class Md whose spectrum has been adequately observed, and exhibit sub- 
stantially the same remarkable behavior as in the type star o Ceti. There is strong 
evidence, therefore, that these spectral variations, shown in Figure 1, are charac- 
teristic of stars of this class. The changes in relative intensity of the lines of the Balmer 
series of hydrogen and also of certain iron lines are particularly interesting. A discussion 
of the physical interpretation of these variationsis reserved until more data areavailable. 

Although it has been known for many years, chiefly through 
the extensive labors of the Harvard College Observatory, that 
striking changes occur in the spectra of numerous long-period 
variable stars, practical difficulties have prevented the securing of 
satisfactory observations through the whole light cycle. It is 
therefore not yet possible to give a complete description of the 
spectroscopic changes which accompany the extraordinary fluc- 
tuations in brightness. Much valuable material has, however, 
already been gathered: the combined results of several observers 
have shown numerous salient features of the variations in the 
spectrum of o Ceti; some of the same phenomena have been 
observed in x Cygni; and changes in other stars have been indi- 
cated by shorter series of observations. 

The present discussion will be confined largely to the bright 
lines, as observations of the continuous spectrum and of the absorp- 
tion lines and bands do not yet afford a reliable basis for a descrip- 
tion of the characteristic changes.?_ The data for the bright lines 

* Contributions from the Mount Wilson Observatory, No. 200. 

2 The available observational material bearing on the absorption spectrum is not 
extensive, owing to the faintness of the stars, except at maximum, and to other cir- 
cumstances. It is, however, definitely known that variations do take place, but 
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are not so complete as might be desired, but certain features are 
definitely established, and the general course of the changes is 
indicated. Much remains to be determined, however, especially 
in regard to the behavior of the spectrum at minimum brightness. 

The new observational material described here refers to the 
stars in Table I. These are among the best known of the long- 
period variables, and all possess spectra strongly resembling that 
of o Ceti. 

TABLE I 


STARS OBSERVED 


Star a 1900 5 1900 Magnitude 
R Leonis........ gh4g2™2 +11° 54’ 4.6—10.5 
R Hydrae..... ; 13 24.2 —22 40 4.0— 9.8 
R Serpentis ce on 15 40.1 +15 26 5.6—13 
X Ophiuchi. Se ala aia e el 18 33.6 + 8 44 6.5=— 9.0 
~ Lyen..... . 19 40.7 +32 40 4.0—13.5 
T Cephei..... 21 8.2 +68 5 5.I—I0.5 


TABLE II 





RESULTS OF HARVARD OBSERVATIONS 


Star Range Period | m—M Br. Ft. 
> S| eas 5-7 mags. 332 days | 0.64 | 0.19 0.30 
R Leonis........... 4.2 313 as | 26 28 
R Hydrae. | 5.4 425 57. | 15 32 
R Serpentis. . . | 6.3 | 357 | 61 | 20 .28 
X Ophiuchi 2.2 | 337 45 32 44 
eee 8.3 | 406 54 CO 22 17 
pe eer 3.9 387 °.46 | 0.23 0.27 











Data from Harvard Annals, 57, 202, showing the character of 
the light-variation, are given in Table II, in which o Ceti is included 
for convenient comparison. ‘The fourth column, ‘‘m— MM,” shows 


apparent discrepancies or, perhaps, real differences between different stars, make it 
difficult to know which variations should be considered as characteristic. For instance 
it is stated by Adams and Joy, Publications of the Astronomical Society of the Pacific, 
32, 163, 1920, and by Shane, ibid., 32, 234, 1920, in confirmation of previous observa- 
tions, that in o Ceti the absorption bands of titanium oxide increase in strength as the 
star wanes, but, in the case of X Ophiuchi, observations by the writer from May to 
September, 1920, show that the bands grew decidedly weaker while the brightness was 
decreasing. Although there are several possible explanations of this apparent dis- 
crepancy their discussion will not be taken up here. 
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the fraction of the period during which the light decreases; the 
fifth, ‘‘ Br.,”’ gives the fraction of the period during which the light 
is more than one-half as great as at maximum, and the last column, 
“Ft.,” that fraction during which the light is less than twice as 
great as at minimum. 

All the observations in Table III were made with one-prism 
spectrographs. The column “Phase” is the only one requiring 
explanation. This indicates for each plate the fraction of the 
period before (—), or after (+), light maximum. The photometric 
data were kindly supplied by the Harvard College Observatory. 


R LEONIS 


Jan. 16, 1920. This observation was made about 110 days 
after minimum and 60 days before maximum. ‘The light-curve 
rose gradually for 70 or 80 days after minimum, and then much 
more rapidly. 

May 30, 1920. ‘This last observation was about 60 days before 
minimum. 


R HYDRAE 


A minimum occurred on April 27, 1920, magnitude 9.5. The 
first plate, on May 31, was taken 34 days after minimum, but the 
star had brightened only half a magnitude. Two bright lines 
which are the last to appear during the decreasing phase are still 
in evidence. The bright hydrogen lines, which in Md stars are weak 
or absent at minimum, have not yet appeared. The continuous 
spectrum is weak but is visible from \ 4500 toward longer wave- 
lengths, being interrupted by wide absorption bands of titanium 
oxide. The second plate, taken on July 8, when the increase in 
magnitude since minimum had been 1.7 magnitudes, shows more 
continuous spectrum due to a generally more effective exposure, 
but the band absorption is very strong; H6 is a distinct emission 
line; Hy is not seen, although continuous spectrum is visible in its 
neighborhood; 4308 is not seen; near 4571 the continuous 
spectrum is strong and the magnesium line of that wave-length, 
if present at all, is so blended with the background as to be indis- 


tinguishable. 
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TABLE III 


OBSERVATIONS 

































































Date Mag. Phase Telescope Camera Exposure Remarks 
R Leonis 
| | | 
1920 Jan. 16..] 9.0 —o.19 | 100-inch} 18-inch 164™ 
April 8 6.4 + .08 100 | 18 | 30 | 
st. 6.5 + .o9 | 60 | 18 140 
gz.. 6.5 + .0°0 | 60 18 40 
May 5 7.4 + (16 60 | 18 152 
11 7.6 + .18 | 60 | 18 150 | Hubble observer 
30 8.3 +0.24 | 100 | 48 80 | 
R Hydrae 
1920 May 31 9.0 —0. 33 100-inch 18-inch | 214™ | 
July 8. 7.8 —0. 25 | 100 | 7 | 50 | 
| 
R Serpentis 
1920 May 1 7.6 +0.13 | 100-inch| 18-inch]  106™ 
30 8.8 +t .20 | 100 } 18 184 | 
June 1 8.8 + .21 | 100 18 184 
July 8 10.7 +0. 32 | 100 7 160 | 
X Ophiuchi 
191g June 9 6.6 | —0.03 | 60-inch| 18-inch 24™ 
10 6.6 — .02 60 18 30 : 
1920 April 8 7.3 — .16 100 18 (70) Clouds 
May 1. 6.9 — .09 100 18 62 
: 4 6.8 — Oo 60 | 18 52 
31 6.6 oo 100 1d 50 
July 5 7.0 + .10 | 60 18 110 
6 7.0 +t .II | I00 18 go 
31 ee. + .16 | Ico 18 66 
Sept. 2. 8.3 + .28 | 100 18 110 
27 8.8 +7 «35 100 } 18 180 
Oct. 27..1 9.0 +0.44 | 100 | 18 go Clouds 
| ee | 
x Cygni 
1920 May 30. 8.2 —o.o8 | 100-inch 18-inch | 66™ 
June 1. 8.1 — .07 100 18 40 | 
30 5.2 .00 60 18 | 125 | Benioff observer 
July 29 5.8 + .07 100 18 go | 
Sept. 3 0.5 + .10 100 18 | 66 
| 26 8.1 + .2!1 100 } 138 180 } 
Oct. 26 9.6 +0.29 100 18 | 180 
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TABLE IlI—Continued 


OBSERVATIONS 














Date | Mag. Phase Telescope Camera Exposure Remarks 











T Cephei 
‘ | 

1917 Nov. 3 7.6 —0o.19 60-inch 18-inch | 50™ Joy observer 
Dec. 3. 6.8 — II 60 18 80 Joy observer 
1918 Jan. 2 5.8 — .04 60 18 60 Joy observer 
et. 84..1 -7.28 — .27 60 18 150 Joy observer 

1920 June 3..} 8 + .20 60 18 240 

jay 6...) B06 + .28 60 18 364 

28. 9 + .34 60 18 508 

sept. 5..] 10.1 +0.44 60 7 520 




















R SERPENTIS 
Maximum occurred on March 16, 1920, magnitude 6.1. The 
facts concerning the following minimum are not available at 
present. It appears, however, that the minimum brightness was 
not above the fourteenth magnitude. The spectroscopic observa- 
tions described in Table IV cover about the central third of the 
decreasing branch of the light curve. 


X OPHIUCHI 


Maximum light and the decreasing phase are well covered by 
the observations. ‘The last plate, taken on October 27, was prob- 
ably about 20 days before minimum. The magnitude at this 
time was not more than a few tenths above the minimum magnitude. 
On April 8, 1920, Hy shows small contrast with the continuous 
spectrum; on May 1, this contrast is decidedly greater. On 
July 31, the titanium bands have a curious, blended appearance; 
the heads of the bands are not sharp, and as the absorption is less 
than on the preceding plates the bands are not so pronounced. 
The bands are still weaker in September. ‘The decrease in intensity 
of Hy from September 2 to September 27 is striking; this line is 
_ practically absent from the spectrum on the latter date. The 
only emission line observed on the plate of October 27 is A 4571, 
just at the red edge of which there appears a well-defined and 
rather strong dark line. This has developed within a month, as no 
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absorption was observed in this position on the preceding plate. 
A somewhat similar appearance of bright and dark portions of the 
same line has been observed by Stebbins" in o Ceti at \ 4308 and 
4376, and by the writer in other stars in connection with the 
manganese line 4030. This phenomenon suggests that the 
well-known displacement of the dark lines with respect to the bright 
lines may be due in part to a reinforcement by a partially developed 
emission line of the continuous spectrum on the violet edge of the 
dark lines. 

X Ophiuchi is a double star, Hu 198, with a measured separa- 
tion of o%2. The small light-range and some of the spectral 
peculiarities may thus be due to exceptional circumstances. The 
motions and light-variations of the components are being investi- 
gated by Van Biesbroeck at the Yerkes Observatory. 


RESUME OF OBSERVED CHANGES IN THE BRIGHT LINES 


Upon combining the data of Table IV with those previously 
available for Md stars, it is found that certain phenomena shown 
by the bright lines appear in substantially the same form in several 
stars. We thus conclude that these phenomena are characteristic 
of the variation of Md stars and that they are, therefore, of great 
importance in the study of the problems presented by these remark- 
able objects. 

The changes exhibited by some of the more conspicuous bright 
lines are outlined in the following pages. In most cases several 
illustrative instances are cited to indicate the character and extent 
of the data upon which each statement rests. This collection of 
references and quotations may prove useful to anyone desiring 
to review the observational evidence. 

Hydrogen lines.—The bright hydrogen lines are such con- 
spicuous and characteristic features of Md spectra that they have 
been the means in many instances of the discovery of long-period 
variables at the Harvard Observatory. The variations of these 
lines have accordingly attracted more notice than any of the other 
spectral modifications presented by Md stars. Notes in the 

t Lick Observatory Bulletins, 2, 93, 1903. 

2 December, 1920, meeting of the American Astronomical Society. 
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Harvard publications show that in practically every Md star the 

relative intensities of Hy and Hé are subject to wide variations. 
Although the bright hydrogen lines (referring particularly to 

Hy and Hé6) are usually of very great intensity, nevertheless it 

appears that near the phase of minimum light they are weak or 

absent from the spectrum. 
To avoid repetition certain references will hereafter be indicated 
by number as follows: 

(1) Stebbins, “The Spectrum of o Ceti,” Lick Observatory Bulletins, 2, 78, 1903. 

(2) Eberhard, “‘On the Spectrum and Radial Velocity of x Cygni,’” Astro- 
physical Journal, 18, 198, 1903. 

(3) Merrill, ‘Spectroscopic Observations of Stars of Class Md,” Publications 
of the Astronomical Observatory, University of Michigan, 2, 45, 1916. 

(4) Adams and Joy, ‘‘ Note on the Identification of Certain Bright Lines in 
the Spectrum of o Ceti,” Publications of the Astronomical Society of the 
Pacific, 30, 193, 1918. 

(5) Adams and Joy, ‘‘ Changes in the Spectrum of Omicron Ceti,” Publications 
of the Astronomical Society of the Pacific, 32, 163, 1920. 


ABSENCE OR WEAKNESS OF BRIGHT HYDROGEN LINES NEAR MINIMUM 

oCeti. 1902, Oct. 4, to 1903, Jan. 5. Phase, +0.36 to +0.64. Reference (1). 
Hydrogen lines weaker than other bright lines, or not observed at all. 
“On 58A and 509A (1903, Jan. 2 and 5) the continuous spectrum was 
visible in the Hy and H6 regions, but no trace of a bright line was seen in 
either case. The evidence furnished by these later plates therefore 
strengthens the conclusion that the bright lines disappeared at minimum.” 

R Hydrae. 1920, May 31. Phase, —o0.33. Table IV. Hy and Hé not 
observed although other bright lines and some continuous spectrum are 
present. 

X Ophiuchi. 1915, June 4. Phase, —o.38. Reference (3). Faint continuous 
spectrum; no bright lines. 

1920, Sept. 27 and Oct. 27. Phase, +0.35 and +0 44. Table IV. Hy 
and Hé are very weak or absent. 

T Cephei. 1920, July 28 and Sept. 5. Phase, +o.34 and +0.44. TableIV. 
Hy and Hé are not seen and are certainly much weaker than other bright 
lines. 

Adams and Joy found that near the minimum of o Ceti the 
usual hydrogen lines were replaced by others having quite different 
characteristics. Whether this is typical behavior for long-period 
variables is not known. 
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HYDROGEN LINES AT MINIMUM 
o Ceti. 1920, Jan. 15 to Feb. 6. Phase, +0.51 to +0.57. Reference (5). 
“The hydrogen lines appear very diffuse and greatly displaced toward 
the red. The brightest of the three hydrogen lines on this photograph is 
H8, Hy being next and Hé faint.” 


Shortly after minimum brightness the hydrogen lines Hy and 
H6 appear faintly as emission lines, Hy being at first much the 
weaker, so that for a time Hé may be seen alone. Both lines grow 
in intensity until maximum or after, but Hy gains relatively to Hé 
so that during the decreasing phase, before both lines disappear, 
Hy may become much the stronger. 

In a brief summary of the general features of the spectra of 
long-period variable stars" as photographed with objective-prism 
spectrographs by the Harvard Observatory, Miss Cannon says: 
‘**Changes occur in the class of spectrum during the light variation, 
and in the relative intensities of the bright lines. In some cases, 
H6 appears first and becomes from ten to twenty times as bright 
as Hy. At maximum light, Hy often reaches equality with Hé. 
The relative intensities of these two lines often vary at different 
maxima of the same star.”” The results from slit spectrograms, as 
noted below, are in harmony with Miss Cannon’s observations. 


CHANGES IN RELATIVE INTENSITIES OF Hy AND H6é 

o Ceti. 1915, Nov. 5,12. Phase, —o.2. Reference (3). ‘On Nov. 5, Hy 
is so weak as not to be readily visible. It is easily seen on Nov. 12, but 
is not much stronger than the adjacent continuous spectrum. This is 
strikingly at variance with its appearance on my earlier plates and as 
observed by others.” 

1919, Autumn. Phase decreasing. Reference (5). “As the star grows 
fainter . . . . the relative intensity of the hydrogen lines changes, Hy 
becoming stronger with reference to Hé.”’ 

R Leonis. 1920, April 8 to May 30. Phase, +0.08 to +0.24. Table IV. 
Relative intensities of Hy and Hé changed from 7:15 to 6:4. 

R Virginis. 1915, March 28 to May 7. Phase, —o.11 to-+o0.16. Reference 
(3). Relative intensities of Hy and Hé changed from 3:4 to 2—:1. 

X Ophiuchi. 1920, April 8 to, July 3. Phase, —o.16 to +0.18. Table IV. 
Relative intensities of Hy and Hé changed from 2:7 to 4:2. 


t Popular Astronomy, 27, 527, 1919. 








194 PAUL W. MERRILL 


x Cygni. 1901, Aug. 2 to Nov. 23. Phase, —0.03 to +o0.24. Reference (2). 
“From Aug. 2 until Sept. 19 Hé was considerably brighter than Hy; from 
Oct. 3 to 15 Hy and Hé differed little from each other; on Oct. 26 they 
were equal; and on Nov. 9 and 23 Hy was brighter than Hé.”’ 

1920, May 30 to Oct. 26. Phase, —0.08 to +0.29. Table IV. Relative 
intensities of Hy and Hé changed from 2+ :7 to 4:3. 


The foregoing are instances of considerable variation in the 
hydrogen lines occurring in a single light cycle. Many more 
examples can be found by comparing observations in different 
cycles, but deductions from such comparisons must be made with 
circumspection since it is not safe to assume that the behavior 
of the spectrum of a long-period variable is identically repeated 
in different cycles. 

The relative intensities of the hydrogen lines near maximum are 
very different from laboratory values. The most striking dis- 
crepancies are the great strength of H6é and of numerous ultra- 
violet lines, and the relative weakness of H8 and He. Miss Maury’ 
and C. D. Shane? have called attention to the relative weakness of 
Hx, HA, and Hy in o Ceti; the same phenomenon has been observed 
partially in other Md spectra through the fact that the hydrogen 
series appears to stop abruptly with Hi. Other peculiarities of the 
hydrogen series are described by Shane. By combining the 
results of several observers it appears that a bright Ha line may or 
may not be present in the spectrum of o Ceti. Unfortunately this 
line has not been observed systematically over any considerable 
period of time. The variation in H@ is thought by Father Corties 
to be connected with the brightness of the maximum. According 
to him, at a bright maximum the titanium oxide bands are espe- 
cially weak and H§ especially strong. This same correlation 
between H§ and the titanium bands appears also in comparing 
the average characteristics of different stars.4 He (though seldom 
observed) may increase relatively to Hé and H¢ during the decline 
in brightness. 

* Harvard Annals, 28, 45, 1897. 

2 Publications of the Astronomical Society of the Pacific, 32, 234, 1920. 


3 Scientific American Supplement, 85, 21, 1918. 
4 Publications of the Astronomical Observatory, University of Michigan, 2, 63, 1916. 
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CHANGES IN RELATIVE INTENSITY OF He 
o Ceti. 1902, June 27 to Sept. 22. Phase, +0.07 to +0.33. Reference (1). 

Relative intensities of Hé, He, and Hf changed from 420: 4:30 to 40:10:7. 
R Leonis. 1920, April 8 to May 11. Phase, +0.08 to +0.18. Table IV. 

Relative intensities of Hé, He, and H¢ changed from 15:-:3 to15:2:3.5. 

Observations by Shane’ at the Lick Observatory have revealed 
the interesting fact that in variables of Class N the characteristic 
phenomena connected with the bright hydrogen lines are much the 
same as in variables of Class Md. It appears, however, that in 
Class N the bright hydrogen lines reach their greatest intensities 
earlier in the light cycle, and are less persistent after maximum 
light than in the Md stars. 

Bright lines not due to hydrogen.—Besides the hydrogen series 
there are other bright lines subject to very great changes in intensity 
during the light cycle. The available data, though rather frag- 
mentary, make clear a certain system in these changes which is 
undoubtedly followed by several, and probably by many or all, 
Md long-period variables. Accordingly an attempt will be made 
in the following paragraphs to indicate some of the phenomena 
connected with these various bright lines as typical of Md variation. 

 3905.—This line, thought to be due to silicon (3905.51 I.A.), is 
(excepting hydrogen) one of the strongest and most persistent of 
the emission lines during the time that the star is bright. After 
maximum it seems to gain relatively to the hydrogen lines, but it 
is possible that this increase arises from the diminution of the latter. 
Its behavior near the minimum phase is not known for it has usually 
been photographed only when the continuous spectrum and the 
bright hydrogen lines are strong. It appears certain, however; 
that \ 3905 does not grow stronger toward minimum to any such 
degree as do \ 4308 and \ 4571 (see below). Further observations 
of this line are much to be desired. 

 4202.—This iron line (4202.033 I.A.) has very frequently been 
observed as an emission line in Md spectra. Appearing about the 
time of maximum, it grows steadily stronger during the first part 
of the decline until it may equal or surpass Hy and Hé. This 
increase does not continue throughout the decreasing light phase, 


t The Spectra of Certain Class N Stars, Lick Observatory Bulletins, 10, 79, 1920. 
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as toward minimum this line is in turn exceeded in intensity by 
4308 and A 4571. 
CHANGES IN RELATIVE INTENSITY OF \ 4202 
o Ceti. 1902, June 27 to Oct. 6. Phase, +0.07 to +0.37. Reference (1). 
Relative intensities of Hy, \ 4202, and Hé varied from 420:10:420 to 


13:40:13. 
R Leonis. 1920, Jan. 16 to May 30. Phase, —o.19 to +0.24. Table IV. 
Relative intensities of Hy, \ 4202, and Hé varied from —:—:2 to 6:4:4. 


x Cygni. 1920, June 30 to Oct. 26. Phase, 0.00 to +0.29. Table IV. 
Relative intensities of Hy, \ 4202, and Hé varied from 7:—:15 to 4:4:3. 

T Cephei. 1920, June 3 to July 28. Phase, +0.20 to +0.34. Table IV. 
Relative intensities of Hy, \ 4202, and Hé varied from 4:2-:2 through 
2:33= 1-2 I-3—. 

\ 4308.—This line, apparently belonging to the iron spectrum 
(4307.909 I.A.), becomes bright at a later phase than the somewhat 
similar line \ 4202, and grows stronger than \ 4202 if the observa- 
tions are continued a sufficient time past maximum. Near maxi- 
mum A 4308 is sometimes observed as an absorption line, usually 
of low intensity. 

CHANGES IN RELATIVE INTENSITIES OF \ 4202 AND \ 4308 

o Ceti. 1902, June 27 to Oct. 26. Phase, +0.07 to +0.43. Reference (1). 
Relative intensities of \ 4202, \ 4308, and Hy varied from 10:-:420 
through 19:12:190 to 40:60:13. 4308 appeared between July 22 and 29; 
phase, about +o0.16. 

R Leonis. 1920, April 8 to May 30. Phase, +0.08 to +0.24. Table IV. 
Relative intensities of \ 4202, 4308, and Hy varied from 3:-:7 to 
4:3+:6. 

R Serpentis. 1920, May 30 to July 8. Phase, +0.20 to +0.32. Table IV. 
Relative intensities of \ 4202, \ 4308, and Hy varied from 2+:2:7 to 
3:44. 

x Cygni. 1901, Aug. 24 to Nov. 23. Phase, +o0.02 to +0.17. Refer- 
ence (2). ‘‘ 4308 increased in brightness the fainter the star became.” 

1920, July 29 to Oct. 26. Phase, +0.07 to +0.29. Table IV. 4308 
appeared as an emission line between June 30 and July 29. Relative 

intensities of \ 4202, \ 4308, and Hy varied from 3:1:7 to 4:5:4. 

T Cephei. 1920, June 3 to July 28. Phase, +0.20 to +0.34. Table IV. 
Relative intensities of \ 4202, \ 4308, and Hy varied from 2—:2+:4 to 


1—:2:-. Compare with plate of 1918, Jan. 2, on which the intensities 
were 8:—:1. Compare also with Hé. Intensities of \ 4308 and Hé on 
1917, Dec. 3, 1918, Jan 2, were —:15 and on 1920, July 5, 4:-. The 


relative intensities of these two lines must have changed 250 or more times. 
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\ 4571.—This line, which is probably a low-temperature 
magnesium line (4571.114 I.A.), does not appear until a later 
epoch than A 4202 and A 4308, but gains in relative strength as mini- 
mum is approached. In several instances it has finally become the 
strongest line in the photographic spectrum. This is probably 
typical behavior. This line is usually observed near the maximum 
phase as a weak absorption line. 

CHANGES IN RELATIVE INTENSITIES OF \ 4308, Hy, AND \ 4571 

o Ceti. 1902, July 22 to Oct. 26. Phase, +0.14 to +0.43. Reference (1). 
Relative intensities of \ 4308, Hy, and \ 4571 changed from 12:190:- to 
60:13:75. 

1918, March 2. Phase, +0.44. Reference (4). “This line (4 4571) is 
the most intense of any on the photograph with the exception of those 
due to hydrogen.” This precise condition was not shown by any of 
Stebbins’ photographs although it was approached on Aug. 11, Aug. 25, 
and Sept. 6, 1902. 

R Leonis. 1920, May 5 to May 30. Phase, +0.16 to +0.24. Table IV. 
Relative intensities of \ 4308, Hy, and \ 4571 changed from 3:10:4 to 
3+ 36: 5. 

R Hydrae. 1920, May 31. Phase, —o.33. Table IV. Only two bright 
lines are visible, \ 4308 and . 4571. Compare with the observation of 
July 8, and with the Ann Arbor observations. 

R Serpentis. 1920, May 30 to July 8. Phase, +0.20 to +0.32. Table IV. 
Relative intensities of \ 4308, Hy, and 4571 changed from 2:7:2 to 
4:4:4+. 

x Cygni. 1920, July 29 to Oct. 26. Phase, +0.07 to +0.29. Table IV. 
Relative intensities of \ 4308, Hy, and \ 4571 varied from 1:7:— to 5:4:4. 

T Cephei. 1920, June 3 to Sept. 5. Phase, +0.20 to +0.44. Table IV. 
Relative intensities of \ 4308, Hy, and A 4571 changed from 2+:4:4 to 
g3~< 2, 

GENERAL DISCUSSION 

It should not be inferred that the foregoing references repre- 
sent all the known observational material bearing on each line. 
They have been selected as the most complete and reliable illustra- 
tions of the changes under discussion. Fragmentary observations 
indicate that the same course of spectral variation is followed in 
other stars, and in these same stars in other light cvcles. 

In Figure 1 an attempt has been made to display graphically 
the changes in the intensities of the lines Hy, Hé, and \ 4202, A 4308, 
and 4571, as related to the light phase. The relationships 
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depicted are believed to be typical of long-period variables of 
Class Md. It is clear that considerable differences exist between 
the spectra of different stars at any given phase, but all stars of the 
o Ceti type which have been adequately observed have shown, with 
no very great variations, the changes in spectrum indicated in 
Figure 1. The phases at which certain lines appear or disappear 
may vary somewhat in different stars. Figure 1 is intended to rep- 
resent the average behavior of the small group of stars observed, and 
may require modification when more complete data become available. 


Magnitude 





14202 








—0.4 —0.2 0.0 +0o.2 +O.4 + 
Phase 
Fic. 1.—Intensities of bright lines in Md spectra in relation to the variation in 
total light. The light-curve, which is the mean curve for o Ceti, R Leonis, R Hydrae, 
x Cygni,and T Cephei, has an amplitude of 5.3 magnitudes. The amplitudes of. the 
other curves are not determined. 


The method of comparing observations of different stars by 
referring them to the light phases counted from maximum to maxi- 
mum is obviously but a first approximation. For an exact com- 
parison of the behavior of different stars the light-curves cannot 
be assumed to be of the same shape, or to be identically repeated 
in different cycles. In a final discussion the circumstances of any 
particular cycle should be recognized either by counting the phase 
from maximum to minimum instead of from maximum to maximum, 
or by dropping the time relation and using instead the magnitude 
when observed, as compared with the magnitudes at the maximum 
and minimum of the same cycle. 

In addition to the lines which have been discussed in the pre- 


ceding pages a large number of other less conspicuous bright lines 
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have been observed in Md spectra, including AA 3852, 3967, 4007, 
4030, 4102, 4138, 4178, 4215, 4233, 4373, 4370, and 4512, all of which 
appear subject to variation. The intensities of \ 4373 and A 4376 
are found in Table IV. After some further observations have been 
secured several of these lines can probably be grouped according to 
their behavior and compared with the stronger lines A 4202, A 4308, 
and \ 4571. They may thus prove useful aids in interpretation. 
It is hoped to discuss them in a future contribution. 

Adams and Joy have pointed out that ‘‘the bright lines appear- 
ing in the spectrum of o Ceti near minimum of light are lines which 
are strengthened at low temperatures.’* This is undoubtedly 
correct, but it appears that some other cause in addition to low 
temperature must be operative to produce the observed peculiari- 
ties. The magnesium line 4571 is indeed an extreme low-tempera- 
ture line and its behavior strongly suggests low temperature as the 
prevailing condition near minimum. With Xd 4202 and A 4308 
and some other lines, however, the case is not so clear. There is 
no apparent reason why certain of these lines should be so strongly 
accentuated as compared with other lines of the same elements in 
the same temperature ciass? and having comparable intensities. 
It will probably be well to reserve discussion of temperature and 
other physical conditions until the fainter emission lines mentioned 
in the foregoing paragraph have been more extensively observed. 

It is believed that the spectral changes described in this paper 
have such intimate connection with the light variations of Md stars 
that a knowledge of them is quite essential to a correct general 
interpretation of the phenomena exhibited by stars of this class. 
More complete observations of the bright lines, of the dark lines 
and bands, and especially of the spectrum near minimum will be 
required as a basis for a satisfactory discussion of the conditions 
prevailing in these stars and of the causes of variation. The 
writer is inclined to favor the “veil theory” of variation as outlined 
a few years ago,’ but even if this be correct much amplification will 
be needed. 

* Publications of the Astronomical Society of the Pacific, 30, 193, 1918. 


2 King, Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 309, 1913. 


3 Publications of the Astronomical Observatory, University of Michigan, 2, 70, 1916 








200 PAUL W. MERRILL 


o Ceti, the brightest of the long-period variables and having a 
period which differs appreciably from a year, offers the strategic 
point for an observational attack on the physical problems of Md 
variation, provided we are justified in assuming that the remarkable 
spectral features of this star and their variations are not isolated 
peculiarities but may be accepted as typical Md phenomena. 
One consequence of the present discussion may be increased confi- 
dence that this is the case. 

Mount WILSON OBSERVATORY 

December 1920 














THE ORBITS OF SEVEN SPECTROSCOPIC BINARIES! 
By R. F. SANFORD 


ABSTRACT 


Seven spectroscopic binaries, Boss* 373, OX 82, Lalande 29330, Companion to a 
Herculis, 205 Draconis, Boss 5591, Lalande 46867.—The elements of the orbits have been 
derived from 15 to 30 spectrograms of each, most of them made with an 18-inch 
camera and the 60-inch or 100-inch reflector. In the case of the first, fifth, and 
sixth binaries, both components were measured. The periods are each about 4 days 
except for the fourth and seventh, which are 51.6 and 6.72 days respectively. Radial- 
velocity diagrams are shown in Figures1-7. The spectroscopic parallax, proper motion, 
and absolute magnitude of each, as furnished by Adams and Joy, are given in Table I. 
Lalande 29330 and 46867 are particularly interesting because of low luminosity, +6, 
and late spectral class, K. Lalande 46867 is very similar in spectroscopic peculiari- 
ties to o Geminorum. 

a Herculis and companion.—The radial velocity of the center of mass of the com- 
panion is —37.2km/sec., whereas that of a Herculis is —32.2km/sec.; and from the 
parallax they are separated at least 250 astronomical units. These facts indicate that 
they probably form merely an optical pair. 

Probable eclipsing variable star—The data for 205 Draconis suggest that it would 
be a favorable case to examine for variability caused by eclipse. Its magnitude is 
7.2 and spectral class Fa. 


This paper deals with the derivation of the elements of the 
orbits of the seven spectroscopic binary stars listed in Table I. 


TABLE I 























: | Spectral | Abs. No. 
Name | Mag. | atgoo | 5 1900 Milas. m *sp. Rev. 
ee |. 
Boss 373 =2 145. | 6.3 | 1536™) +25°1r4’| F3-F3 | +2.6 | 07135 | o%018 | 161 
a RR ss ee | 7.0 417 | +14 49 | Fo +4.1 | 0.096 | 0.024 | 194 
Lalande 29330....| 8.5 | 16 1] +10 57 | Ko +6.0 | 0.491 | 0.032 | 350 
Comp. a Herculis-| 
Boss 4374..... | 5-4] 17 10| +14 30| Fo +1.7 | 0.032 | 0.018 7 
205 Drac.=8971.; 7.2 | 18 45 | +49 19 | F2-F2 | +1.4]....... ©.005 | 119 
Boss 5591 = Pi. 267} 6.9 | 21 40 | +28 19 | Ag-Ag | +2.3 | 0.061 | 0.009 | 103 
Lalande 46867 .. | 7.3 | 23 50] +28 5 | K2 +6.0 | 0.573 | 0.055 | 179 


The last four columns of the table give, respectively, the 
absolute magnitude, proper motion, spectroscopic parallax, and 
number of revolutions of the binary in its orbit between the first 
and last observations. Six of the stars were announced as binaries 
in a note by Adams and Joy,’ who have also furnished from manu- 
script the data for absolute magnitude, proper motion, and 
spectroscopic parallax. 

* Contributions from the Mount Wilson Observatory, No. 201. 

2 Publications of the Astronomical Society of the Pacific, 31, 41, 1919. 
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The spectroscopic parallaxes for the first, fifth, and sixth binaries 
may be considerably in error, since blends of the spectra of the 
two stars may affect the relative intensities of the lines used for the 
determination of the absolute magnitudes. ‘The spectral class in 
these three cases is indicated for both components. The elements 
of three of the above binaries have been previously announced by 
the writer.’ 

The spectrograms upon which the orbits depend were obtained 
with spectrographs of one-prism dispersion and an 18-inch camera, 
the only exceptions being a few plates of Lalande 29330, noted 
in Table IV, which were obtained with a 7-inch camera. Both the 
60-inch and the 1roo-inch reflector were used: in all cases the let- 
ter prefixed to the plate number indicates the telescope—a Greek y 
for the 60-inch series, and the letter C for the 1oo-inch series. 
Except where noted in the remarks, Seed 30 plates were used. 

An effort was made in each case to determine the period as soon 
as possible and thereafter to secure with the minimum number of 
plates a reasonably good distribution over the velocity-curve. 
In some cases this has led to the determination of the elements from 
rather fewer plates than has usually been the custom. But no 
great increase in accuracy would have been possible without the 
addition of a very considerable number of observations and it was 
considered better to spend the time in the investigation of other 
orbits rather than accumulate observations on a few binaries. 

The tables of observations accompanying the individual discus- 
sions are similar, each giving the plate number, date, Greenwich 
mean time of mid-exposure, the phase from periastron, the measured 
velocity, the residuals from the final elements, the weights assigned 
when any distinction has been made among the plates of a binary, 
and finally such remarks as seemed necessary. When the spectra of 
both components have been measured on the same plate two columns 
for velocities and two sets of residuals are given in the tables. 

A few general remarks will make clear the procedure which has 
been followed and will avoid unnecessary repetition. 

Since, in every case but one, at least 100 revolutions of the stars 
in their orbits separate the first and last observations, it seemed 


* Publications of the Astronomical Society of the Pacific, 32, 192, 1920. 
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justifiable to assume that the period already determined needed 
no correction. Except for Lalande 29330 and the companion to 
a Herculis, the preliminary period has, therefore, been taken as 
final. The freehand velocity-curves drawn through the plotted 
observations were used to determine preliminary elements by 
Russell’s method.t| When a velocity diagram included the curves 
of both components, the preliminary elements used were based 
upon both curves, excepting of course the semi-amplitude of 
velocity variation, A. For such binaries the elements were cor- 
rected by the method of least squares, using the equations of 
condition given by Harper,’ in which a single set of normal 
equations is derived from the observed velocities of both pri- 
mary and secondary. Assuming the period to be known and 
noting that the angles of periastron for primary and secondary 
differ by 180°, it is readily seen that there are six independent 
elements to be corrected, so that the normal equations involve six 
unknown quantities. For the binaries showing only one spectrum, 
the equations adapted by Schlesinger’ were used to derive correc- 
tions to the preliminary elements. 

In all cases where the elements are given for two components, 
those which are common to the two have not been repeated. 
Those which belong to the secondary alone are distinguishable by 
the subscript 1. 

A radial velocity diagram has been drawn for each binary 
(Figs. 1-7). The zero for the abscissae corresponds to the epoch 
of periastron. ‘The curves are based upon the elements adopted 
as final; the individual velocities are represented by circles with 
radii equal to the probable error of a velocity of unit weight; and 
a broken line indicates the velocity of the center of mass (¥). 

The details for the individual stars are briefly as follows: 

BOSS 373 

This star is the brighter component of the double 2145. The 

fainter component is of the eleventh magnitude, 11” distant, in 


* Astrophysical Journal, 40, 282, 1914. 
2 Publications of the Dominion Observatory, 1, 327, 1914. 


3 Publications of the Allegheny Observatory, 1, 33, 1908. 
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p.a. 32°. Measures separated by 35 years show no evidence of 
orbital motion. . 

Table II gives the nineteen spectrograms available for the 
derivation of the elements, and three others subsequently obtained. 
Fifteen of these gave velocities for both components and showed 


TABLE II 


OBSERVATIONS OF Boss 373 


VELOCITY O-C 
LATE No. Dat! G.M.T PHAS} — Wr 

Prim. Second Prim Second. | 

| km/sec km/sec. 
7272...) 1918 Aug. 27 | 23557™| 39880 | —25.2 | +44.9| + 6.1 | + 1.4] 0.5 
7370.. Sept. 20 | 22 53 | 1.228 +68.9 | —60.5 |} + 5.1 | — 0.7 1.0 
7412. 23 | 22 37 | 4.237 +12.8 + 0.5 | +17.8] 0.5 
7448 Get. 27 | 23 2 | 1.500 + 39.8 —28.4 ‘5 — 0.6 | 0.5 
7582.. Nov. 2! 18 43 | 0.969 | +706.1 —74.0] — 5.0| + 4.7] 1.0 
7590 22 17 50 1.934 +T10.2 I2.0 = €.7 0.5 
7003...| pec. 1 | 17 32 | 3.151 —760.3 | +90.6 | — 3.1 + 1.5] 1.0 
7618 12 | 18 19 | 4.212 +10.4 — 1.2 | $14.7 | 0.5 
7628. 13 18 16 | 0.775 +79.5 —83.4 | Q.1 + 3.4] 1.0 
7630 14 | 16 30] 1.702 +10.2 | — 9.5 | +23.2] 0.5 
7640 | 15 19 22 | 2.820 —03.4 +73.4 — 2.1 — 3.1 | 5.0 
7662 Is 10 34 | 1.20609 +O61.2 —07.0 rt 0.8 | —10.8 |] 1.0 
7739 1919 Jan. 11 | 16 48 | 3.106 | —74.5 | +87.2 |] — 1.4] — 1.8] 1.0 
7709 15 | 18 os 2.724 | —58.6 | +78.1 T 3.3 r t.43 1.6 
7782...| 17 | 16 20] 0.217 | +72.1 | —68.5 | + 3.8] — 3.8] 1.0 
7850...| Feb. 8] 15 45 | 0.018 +47.3 | —47.6| + 1.6] — 7.4| 1.0 
8942...| 1920 Jan. 6 | 15 50 | 3.85t | —35.1 | +47-5 | — 0.6] + 0.4] 0.5 
8958... Oi) 16: 27-1 2.400 | —98.7 | 155-8 1) = 7-2 — 2.2 10.5 
Sogr.. Feb. 6] 15 02 | 3.775 | —44.8 | +53.5 , > 9 — 2.4] 1.0 

9428...| Aug. 3 | 23 48 | 1.315 +60.8 | —44.2 |] + 5.3] + 7.7 |}. 

Q502 2090 21 45 | 0.022 +oOL.7 —060.2 -— ©.0 27.7 
9519...| Sept. 1 | 22 24 |] 3.657 | —55.4 | +64.3 | — 1.0] — 3.2 | 








that both are of spectral class F3. On the other four plates the 
velocities of the two components differ so little that with the dis- 
persion employed the lines could not be separately measured. Mr. 
Joy had obtained 4.4 days as an approximate period, which soon 
led to 4.43474 days as the best value for the assembly of the 
observations about a single epoch. 

The following preliminary elements were found: 


P =4.43474 days K =79 km/sec. 
€ =0.12 K,=89 km/sec. 
w =270° T =J.D. 2,421,940.65 


w,=90° y =+5 km/sec. 
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The four plates on which the lines of the two components are 
blended were combined into two normal places; otherwise each 
plate furnished a conditional equation for each component, thus 
giving a total of thirty-four equations. The weights depend upon 
the separation of the lines of the two components and refer equally 
to the velocities for primary and secondary. Two least-squares 
solutions were made with the corrections to six elements as 
unknowns. In the second solution the corrections were small for 
all except w and 7. A third solution was then made assuming all 
elements to be definitive except these two. This solution gave 


km/sec. yp 





— 40 














0.0 +0.5 +1.0 +1.5 +2.0 +2.5 +3.0 +3.5 Days 


Fic. 1—Velocity-curves of Boss 373 


only slight corrections. The second solution (six unknowns) and 
the third (two unknowns) yield elements from which nearly identical 
residuals result. In either case the quantity Ypv? is little more 
than 50 per cent of its value for the preliminary elements. Apply- 
ing the corrections obtained by the three solutions and deriving 
the probable errors from the second solution we have the following 
final elements: 


> =4.43474 days T =J.D.° 2,421,940 .9865 =0%0053 
€ =0.108+0.011 y¥=+4.6 km/sec. 
Ww =295°58= 5°02 a sin i= 4,942,100 km 


W,=115°58+5°02 a; sin t= 5,371,800 km 
. =81.5+1.3 km/sec. sin} i=1. 

K =81.5+1.3 km/sec. m sin3i=1.16© 
K,=88 .6+1.3 km/sec. m, sin} i=1.06 © 
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The probable error of a radial velocity of unit weight based 
upon all the residuals, including those from the four plates with 
blended spectra, is =3.5km/sec. The three observations obtained 
after the elements were derived have been plotted upon the velocity 
diagram (Fig. 1) as barred circles. The velocity for the secondary 
star from y9g502 is discordant. This plate is strongly exposed. 
The velocity derived from Hy alone is —81 km/sec., which agrees 
fairly well with the curve. 

OZ 82 

The star is a visual binary in comparatively rapid motion, 
the position angle having changed about 180° since discovery. The 
elements by different computers still differ widely, however, the 
periods ranging from go to 158 years. ‘The last available observa- 
tions of the visual pair were kindly furnished by Dr. Aitken. In 
1916 the position angle was about 75° and the separation about 
o’7. During the period covered by the spectrograms it was not 
possible to separate the brighter star from the fainter on the slit, 
even with the too-inch reflector. Consequently light from both 
visual components entered the slit, but in the time needed to get 
a good spectrogram, component B, two magnitudes fainter than A, 
could produce no appreciable effect upon the photographic plate. 
Consequently the spectroscopic binary here studied is star A. 

The data of the fifteen plates available are given in Table III. 
The five plates taken on successive nights showed the period to be 
close to four days, and a subsequent adjustment of all fifteen 
observations was best made by using P=4.00000 days. 

Since the period is an exact number of days, it was impossible 
to observe all parts of the velocity-curve. Fortunately two of the 
regions that could be observed correspond to maximum and 
minimum radial velocity. Little would have been gained by 
multiplying observations of the four parts of the curve that can 
be represented, and it was therefore decided to derive the best 
elements possible from the fifteen plates available. 

The curve resulting from an assembly of the observations 
about a single epoch gave the following provisional elements: 


P=4.00000 days K =35.0 km/sec. 
€=0.15 T=J.D. 2,422,274 .680 
w=0°00 7 =+37.4 km/sec. 














SEVEN SPECTROSCOPIC BINARIES 207 


These were once corrected by the method of least squares 
applied to the equations of Schlesinger. ‘The resulting elements 
and their probable errors are adopted as final for the data available: 

P=4.00000 days K =36.1+0.7 km/sec. 
€=0.060+0.020 T =J.D. 2,422,274 .8123 042400 
w=+12°74+=13°56 7 =+37.4 km/sec. 
ad sin 1=1,980,000 km 
my, Sins é _ 
(m+m,)?_ ©9793 o 


TABLE III 


OBSERVATIONS OF OF 82 





























Plate No. Date G.M.T. Phase Velocity O-C 

| | | 
km/sec. km/sec. 
Se 1917 Dec. 30 18h43m 24968 +45.0 +3.6 
ee eae 1918 Jan. 30 15 44 1.844 + 4.3 +0.9 
ee ee ee Mar. 22 15 45 0.844 +34.6 —1.5 
ee Oct. 18 ° 08 2.194 + 7.4 —0.3 
ee ee 1919 Oct. 13 O 25 2.205 + 7.4 —o.6 
INE 5d. 2 og pian Nov. 10 20 38 3.048 +43.2 —2.7 
Se re ree II 22 13 O.114 +74.8 +2.4 
eer ree | 12 17 25 0.914 +31.5 —o.6 
re ces alse eds 13 22 18 2.117 + 1.0 —5.1 
ge" SSUES papa oe 14 19 26 2.998 +42.5 —o.6 
RGik nc caacner x as Dec. 9 20 57 0.061 +73.8 +o0.2 
i a ee 13 16 40 3.889 +76.2 +0.7 
SE OM Rens, cig anincie | 1920 Jan. 12 IQ 07 1.985 + 9.6 +5.4 
gg OS ee ee 3 | ©5390 2.833 +34.4 +0.4 
eS Feb. 11 15 06 3.817 +74.5 —0.9 
Se | 1914 Oct. 26 22 10 2.110 +11.3 +5.4 

* Seed 23. t Not used for orbit. 


The quantity 2pv? corresponding to these elements is less than 
50 per cent of its value for the preliminary elements. The probable 
error of a velocity of unit weight is 2.0 km/sec. The size of 
the probable error, the sum of the residuals, the small number of 
observations, and the uncertainties that enter because of the 
limited portions of the velocity-curve which can be observed, render 
further approximations inadvisable. 

After the elements had been derived it was discovered that a 
spectrogram, listed at the end ‘of Table III, had been taken on 
October 26, 1914. The velocity from this plate has been plotted 
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in the diagram (Fig. 2) as a barred circle. Four hundred and 
sixty-one revolutions of the binary separate this plate from the 
epoch of the velocity diagram. If the period were lengthened by 
©.00050 of a day, this velocity would fall upon the curve and the 
distribution of the other velocities would hardly be affected; but 
as it stands the representation is as good as for some of the other 
plates, and the period has been left as previously found. After 
the lapse of several years it will be possible to make any slight 


change in the period that may be necessary. 
km, ‘see. ——- TT 
+80 


+60 


+40 














—1.0 —0.5 0.0 +0.5 +-1.0 +1.5 +2.0 +2.5 Days 


Fic. 2.—Velocity-curve of OF 82 


From spectrograms of 19 members of the Taurus stream, 
Adams, Joy, and Strémberg' find +39 km/sec. as the mean radial 
velocity of the group. The velocity of the center of mass of 
O82 A found above for 1919 is +37.4 km/sec. Bearing in 
mind that the period of the visual binary is certainly more than 
50 years and that the mass of the visual component B almost 
certainly is less than that of A (it is two magnitudes fainter), the 
radial velocity of component A (+37.4 km/sec.), the proper 
motion, and the position seem to designate the system as a member 


* Publications of the Astronomical Society of the Pacific, 32, 195, 1920. 
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of the Taurus stream. The mean value of the parallax for the 
group from the determinations of Boss and of Kapteyn, and from 
the spectroscopic results, giving equal weight to each, is +0%023. 
If we call My, the mass of visual component A, and Mz the mass 
of visual component B, we can compute the value of M4+M-z for 
each of the three orbits given by Hussey.’ Further, if we assume 
the velocity of the center of mass of the visual binary to be 
+39 km/sec., the velocity of B can be derived from the velocity of 
A(+37.4 km/sec.) and the parallax, +0%023. From the velocities 


. . M 
of A, B, and the center of mass the ratio ~* can be calculated 


M4 
for each set of elements. The values (M4+Ma,) and Ms then 
414 A 
give M, and Mz, corresponding to each orbit. The quantity 
m> sin’ 7 
(m-+m,)? 
m+m,=M,; hence, if we substitute successively the values of @ 
given for each of the three visual orbits, M4 may be split up into 
the two parts m and m,. The results are as follows: 


, derived from the spectroscopic observations, contains 


Orbit by Glasenapp Gore Hussey 
Unit is m [r.17 3.44 (5.04 
mass of sun Ma Mm, 1-94 \o 77 4-45 \1 1 0.1911 45 
Ms 0.78 0.68 0.93 


These values are given with the clear understanding that they 
are based upon the assumption that the radial velocity of the 
center of mass of OL 82 differs in nowise from the mean value for 
19 Other stars of the group. Furthermore no one of the three 
sets of visual elements is probably correct, nor does it follow that 
i has even approximately the same value in the spectroscopic orbit 
as in the visual orbit. 

Note added February 17, 1921.—Exceptionally good conditions 
of seeing upon the night of November 23, 1920, made it possible to 
separate stars A and B of the visual binary OL 82 with the roo-inch 
telescope, and an attempt was made to secure the spectrum of 
star B separated from that of star A. As the position angle, 75°, 
is not favorable, guiding was difficult. The velocity derived from 


* Publications of the Lick Observatory, §, 60, 1901. 
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measurement of this plate is +38.6 km/sec. The velocity pre- 
dicted from the elements of the spectroscopic binary, star A, is 
+5.0km/sec. Hence there is no question but that the spectrum 
obtained is that of B. Furthermore this velocity is that of the 
Taurus stream which was used in the discussion of the probable 
masses. The spectral class of B is not greatly different from that 
of A, though probably slightly later. 


LALANDE 29330 
This binary is of particular interest because of its low luminos- 
ity (abs. mag.=+6.0) and late spectral class, Ko. The twenty 
plates upon which its orbit is based are summarized in Table IV. 
Spectrograms upon five succeeding nights led to a trial of periods 
around four days. A smooth velocity-curve was obtained when 
P=4.28495 days was used. This yielded the preliminary elements: 


P=4.28495 days Y= 38.2 km/sec. 
€=0.10 T=J.D. 2,422,418 .619 
wW=134° = —60.3 km/sec. 


TABLE IV 


OBSERVATIONS OF LALANDE 29330 





Plate No. Date G.M.T Phase Velocity Oo-C Wt 
} km, sec km/sec 
74886* ... 1916 June 18 | 19%o9™ 472095 = 43.0 ro.! 0.5 
4085*.. Aug. 13 16 33 4.281 — 56.8 —1.8 0.5 
5759* 1917 May 3 | 21 30 1.315 — 84.5 | —4.8 0.5 
5862* June 9 20 54 | 0.225 — 67.8 +2.3 6.5 
gor8*...../ July 1 18 42 | 0.708 — 93.8 -0.2 | 0.5 
6e40"......} Aug. 2 16 15 2.611 — 36.7 +6.8 | 0.5 
6861*.... 1918 Apr. 25 | 23 26 | 3.240 — 20.8 +2.6 | 0.5 
te Aug. 21 | 1618 | o g62 — 94.8 +3.3 os 
C 349 a 1920 Apr. 3 23 15 0.917 — 99.0 —1.3 1.0 
354 . a 1 23°42 1.930 — 75.3 gy. 8 | 1.0 
359 5 21 25 2.543 = 9t-7 T2.4 | 1.0 
Pr 6 22 20 3.884 — 29.9 + 2.2 1.0 
OT May 6 20 87 3.826 — 31.0 —1.3 1.0 
413 7 21 32 0.565 — 85.1 +3.5 | 1.0 
415... 8 18 45 1.450 = 63.9 3.5 | 1.0 
oe 26° | "8 67 2.317 — 59.6 —2.6 1.0 
eee yume 4. | 22 t4 | 2:865 — 36.9 —2.3 1.0 
408 5 IS 30 3.729 = 20.5 0.0 1.0 
47! ‘ 6 160 10 0.337 — 50.5 —3.5 1.0 
Q027....+. 26 21 30 3.427 — 20.6 +1.5 0.5 
557.--- July. 28 | 16 36 | o I T.0 





* 7-inch camera t Underexposed 
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The first eight plates were secured with a camera of 7 inches 
focal length instead of the usual 18-inch camera. These and one 
of the later plates, which was much underexposed, were given 
half-weight, all the others unit weight. A least-squares solution 
with twenty-one conditional equations was made by Schlesinger’s 
method for the correction of all six elements. The changes for 
P, K, and y were small, while those for the other three elements 
were of sufficient size to require a second least-squares solution 
for these three unknowns. The deviations from an ephemeris based 
on the resulting elements showed satisfactory agreement with the 


km/sec. 
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Fic. 3.—Velocity-curve of Lalande 29330 
“ > od. 


residuals given by the conditional equations. ‘These elements were 
therefore adopted as final. With their probable errors they are: 


P=4.28503+0.00016 days K=38.1+0.3 km/sec. 
€=0.089 +0 .024 T =J.D. 2,422,418 .0522 040221 
w=82°49+13°40 = —60.6 km/sec. 
a sin 7= 2,238,160 km 
m? sin3 i 


(m+m,)?_°°°744 o 


The corresponding value of pv? is one-half that from the 
preliminary elements. 
Reference to the table of observations shows that the first 


eight spectrograms obtained with low dispersion give satisfactory 





No 
_ 
No 
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residuals, whose mean is very little larger than that of the other 
residuals. This result tends to give one confidence in the observed 
velocities of faint stars of late spectral class, which must be obtained 
with low dispersion. In the velocity diagram (Fig. 3) barred 
circles represent the eight velocities derived with low dispersion. 

It is noteworthy that we have here a star absolutely faint 
(M=-+6.0) as the brighter member of a spectroscopic binary 
whose period is short and whose eccentricity is small for stars of 
its spectral class. Attention may also be called to the large 
velocity of the center of mass. ‘The space motion derived from the 
radial velocity, proper motion, and parallax is 75.8 km/sec. with 
its apex at A=116°7, D=—6°8. The rectangular components, 
x, ¥, 2, Where x and y are parallel to the galactic plane, are 
x=—72.2, y=—16.7, s=+12.8 km/sec.; further L=193° and 
B=10°, where LZ and B are the galactic longitude and latitude 
of the apex. These may be compared with the mean values found 
by Adams and Joy’ for 29 stars with large radial velocities: 
X= —59.5, V= —44.5,2= —4.4,0=74.4km/sec.,L = 217°,B= —3>. 

The agreement with the stars used by Adams and Joy is seen 
to even better advantage when x, y, z are plotted upon their 
velocity diagram. 

COMPANION TO a HERCULIS 

This star, hereafter referred to as B, was found from measures 
of the first two plates to have a variable radial velocity. It is the 
companion to a Herculis, hereafter designated A, whose spectral 
class is Mb and whose magnitude varies between 3.1 and 32.9, 
with a period that is uncertain if not irregular. In the visual 
pair no certain evidence of orbital motion has been found. Boss 
gives a proper motion for A of o%030 and for B of 0%032. The 
magnitude of B is 5.4 and its spectral class Fg, forming, with A, 
a striking visual pair, apparently red and blue. Their separation, 
5’, makes it easily possible to obtain a pure spectrum of the fainter 
star with either the 60-inch or too-inch telescope, provided the 
seeing is good. 

Table V contains the data for the twenty-eight spectrograms 
available for the orbit. A period of 51.6 days gave a satisfactory 


1 Mt. Wilson Contr., No. 163, 1919; Astrophysical Journal, 49, 179, 1910. 
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assemblage of the velocities about a single epoch and furnished a 
velocity-curve from which the following preliminary elements were 
derived: 


P=51.6 days K=31.8 km/sec. 
e= 0.08 T=J.D. 2,422,467.13 
W=I15°5 Y = —37.2 km/sec 


TABLE V 


OBSERVATIONS OF THE COMPANION TO a HERCULIS 




















Plate No. Date G.M.T. Phase Velocity | O-C 
km/sec. km/sec. 
C 60* 1919 Sept. 10 15523™ 24010 | — 9.2 +5.4 
66T....| 19 5 58 | 11.034 | —43.4 +2.2 
114 Oct. 12 | 15 03 33-996 | —36.2 +4.% 
350 --| 1920 Apr. 4 | o 48 2.042 —18.6 —3.9 
408 A May 6 22 28 34-947. | —33-3 +3 .9 
416 8 21 04 | 36.887 | —29.0 +1.1 
22 10 23 20 38.980 —25.0 —1.9 
430 25 | 23 35 2.400 | —6.§ —2.9 
442" 28 23 39 5-405 — 28.3 =—%.9 
A707... June 5 23 48 13.411 | —48.2 +5.0 
47738 7 2110 | 15.301 | —55.8 +3.5 
508 July 3 1555 | 41-083 | 17-7 —0.9 
S19 5 IQ 24 |. gees —10.1 +1.5 
527 . 7 16 27 45.104 | —16.8 —8.3 
= 20* 23 I5 55 | 9.493 —45.0 =—F-5 
79404* 30 1613 | 16.505 | —64.9 —4.0 
is Ya... Aug. 2 15 27 | 19.473 —64.3 +0o.9 
79431* 4 | 17 50 at.s72 | 65.0 —3.0 
C 622 30 I5 07 47.460 — 6.9 —Oo.I 
C 627 31 1508 | 48.460 | —o0.8 +6.0 
79514* Sept. 1 14 58 49.452 | —II.4 —4.0 
79531 caf 3 6 | %5sg2.506 | — 3.0 7.§ 
C 647||....] 5 15 04 | 1.867 —13.7 +0.5 
C 664 | 25 rs £7 21.876 —95 .3 +0.7 
79573 26 I5 07 | 22.870 —67.4 —1.7 
7958! 27 14 42 } 23.852 —64.2 +o.8 
959! 25 | 14 58 | 24.863 | —65.5 —1.6 
79016§ Oct. 3 | 14 51 29.858 —58.0 —4.5 
* Overexposed. § Strongly exposed. 
t Focus poor. Somewhat underexposed. 


¢ Seed 23. 


Since the interval between the first and the last observation 
covers but seven revolutions of the binary in its orbit, it seemed 
best to derive a correction for the period from the least-squares 
solution, together with corrections to the other five elements. As 
the table shows, B, which is really a very bright star for the one- 


prism spectrograph and 1oo-inch telescope, has given in several 











214 R. F. SANFORD 


cases overexposed plates. It is assumed that the necessity of 
measuring upon such plates farther to the violet than usual has 
given the advantage of greater dispersion, which compensates for 
some falling off in focus. Hence all values of the radial velocity 
were given weight unity, and corrections derived from the set of 
six normal equations based upon the twenty-eight conditional 
equations. ‘The resulting corrections proved to be moderate in 
size and etfected a reduction of 25 per cent in the value of Dpv’. 
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Fic. 4.—Velocity-curve of companion to a Herculis 


Hence they have been adopted as final and with their probable 


errors are to be found below: 


P=51.590+ 0.002 days y= —37.2 km/sec. 
€= 0.028+ 0.026 m} sin3 7 . 

, ; ~0.1305 VY 
W=27°89 +190°3 (m+m,)? 
K=29.64 +o.77 km/sec. a sin i= 2,102,700 km 


T=J.D. 2,422,468 . 581 = 34030 


The probable error derived for a determination of velocity of 
weight unity is 2.85 km/sec. 

Attention is called to the fact’ that the radial velocity of A 
is —32.2 km/sec., whereas that for the center of mass of B as 
here determined is —37.2 km/sec., showing a difference whose 
reality, in part at least, can hardly be doubted. Taking the 
distance between A and B as 5”, the projected linear separation 
obtained by using the spectroscopic parallax o”018 derived for B 
turns out to be greater than two hundred and fifty astronomical 


Lick Observatory Bulletin, No. 229, 1913. 
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units. The true separation cannot be less than this amount. 
This, with the considerable difference in the radial velocities, is 
evidence of a very loose or practically negligible gravitational 
connection between the two stars unless the masses are very large. 
It is not improbable that we have here an optical pair. 

Coblentz™ radiometric measures of B led Burns’ to conclude 
that light from A was probably involved in the measurement. 
This seems very probable in view of experience with the 1oo-inch 
and 60-inch telescopes whose focal lengths, in Cassegrain form, 
give a much greater linear separation of A and B in the focal 
plane than would be the case with the Crossley reflector used in 
Newtonian form. It may be pointed out, however, that the only 
indication of spectral class available to Coblentz, viz., the designa- 
tion as a “blue” star, is not borne out by the spectrum, which 
is Fo, hence the star is approximately ‘‘yellow.’’ Although it is 
certain that the secondary member of the spectroscopic binary is 
photographically at least one magnitude fainter than the primary, 
for the spectrum is not recorded, its spectral class may be such 
as to help account for the discrepancy in Coblentz’ measures. 

205 DRACONIS 

This binary is evidently the brighter component of the visual 
double 8 971. ‘The fainter component is of magnitude 8.5. Burn- 
ham says “it, 8 971,is certainly a binary and in rapid motion. 

The measures indicate that the plane of the orbit is nearly in the 
line of sight. The period will probably be short.” The last 
observation reported by him in which the two stars were resolved 
is by Aitken: 

1905.29 p.a. 26°6 dist. 0737. 

Thirty spectrograms were obtained between August 22, 1918, 
and November 14, 1919. The data arein Table VI. Both spectra 
show lines when the difference in velocity is sufficient, but the lines 
are so poor that considerable uncertainty attaches to the measured 
velocities, a difficulty increased at times by the blending of lines 
of the two spectra. Observations upon successive nights considered 


t Lick Observatory Bulletin, No. 266, 1914. 


2 Publications of the Astronomical Society of the Pacific, 27, 110, 1915. 











216 R. F. SANFORD 


in connection with the results for pairs of plates upon the same 
night led toa trial of periods around four days. P=3.76468 days 
was found to represent the observations best and was adopted as 
final. When all the observations had been gathered about a single 
epoch with this period, the two resulting velocity-curves led to the 
following preliminary elements: 


P=3.76468 days K=96.5 km/sec. 


€=0.10 K,=102.5 km/sec. 
w= 166° T=J.D. 2,422,161 .597 
w, = 346° y= —14.0 km/sec. 


TABLE VI 















































| VELOCITY Oo-¢ 
PLATE No. DATE G.M.1 PHASE | 
Primary Secondary | Primary Secondary 
km/sec. km/sec. 
77239...{1918 Aug. 22 | 18537™) of299 |+ 83.9 |—112.4 | +16.9 — 7.3 
7370... Sept. 20 | 18 41 | 2.948 — 23.3 (—24.7) | (415.8) 
i. 21 17 50 | 0.149 |+ 87.0 |—116.0 +11.1 — 1.9 
7305... 22 | 17 50 | 1.149 —15.1 (+36.9) (— 29.7) 
7404... 23. | 17 or | 2.115 |—109.2 |+ 77.1 0.0 + 4.9 
i Oct. 26 i Ox | 2.2%4 —25.8 (+27.0) | (—41.2) 
8328*. .|1919 July 3} 20 22 | 2.904 |+ 28.7 |— 53.7 | (434.4) (—21.7) 
8354... 9 | 23 17 | 1.495 |— 83.6 |+ 56.4] +13.2 | — 3.3 
Bere... is i te Ss | 4.895 |— 109 I |+ 79.4 — 9.5 +16.9 
8411... 17 | 16 57 | 1.702 |—111.0 |+ 72.8} + 1.1 — 2.3 
8416... 17 | 23 39 | 1.981 |—122.9 |+ 88.7 — 7.7 +10.5 
8417T.. 18 | 16 50 | 2.697 |— 68.1 |+ 23.4 | (—28.8) (+ 21.6) 
8435... 1g 16 45 | 3.694 |+ 60.6 |—111.3 —17.6 + 5.1 
8438... IQ | 2% 30 | ©.131 i+ 83.9 |—117.-9 + 7.3 — 3.1 
8441... Aug. 2 | 16 27 | 2.622 —27.2 (+23.8) | (—40.8) 
8444... 2} 2t 22 | 2.827 —31.7 (— 3.5) | (-— 2.3) 
8447... 3 | 10 14 | 3.015 |+ 77.4 |—110.4 | + 1.5 + 3-6 
8458f.. 4 | 16 19 | 0.852 |+ 15.7 |— 56.0] (+20.0) | (—22.6) 
8462... 4 | 22 §§ | 1.085 —14.0 (+28.0) | (— 9.4) 
8467... = | 85 6S | 2.535 |[—103.5 [+ 77-1 T12.7 — 2.1 
8471... 5 | 21 40 |] 2.075 |—117.9 |+ 76.0 — 6.4 + 1.5 
8703... sept. 12 | 1§ 35 | 2.172 I— 93-3 |+ 42.7 +12.0 —25.5 
8765§.. Oct.. rz |] 26 3 1.042 P 51.5 |+ 16.7 | (—16.3) (+19.0) 
8776... 12 | 15 23 | 2.049 |—I111.3 |-+ 606.5 | + 1.4 — 9.2 
& 288... 13, | 15 28 | 3.052 |+ 29.8 |— 55.7 | 12.2 — 0.3 
7 8786... 14 | 15 18 | 0.281 |+ 63.7 |—-113.3 | — 4-7 — 6.8 
C 156)|.. Nov. 1] 15 55 | 3.248 |+ 35.3 |— 83.5 | — 9.5 — 0.7 
vt... 4115 44 ea ed Be 44.2 | —18.7 + 9.1 
210}|.. 13 | I5 10 0.158 |+ 76.5 —118.0 | + 1.0 — 4.3 
215]. 14 | 14 35 | 1-134 |— 50.9 + 15.2 | (— 1.2) | (+ 2.9) 
* First measured as single spectrum; vel. —10.1 km/sec. 
+ First measured as single spectrum; vel. —11.9 km/sec. 
t First measured as single spectrum; vel. —22.0 km/sec. 
§ First measured as single spectrum; vel. —15.6 km/sec.; Seed 23. Seed 23. 
4 First measured as single spectrum; vel. —18.6 km/sec.; Seed 23. 
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In deriving the corrections to the elements by the method of 
least squares only those spectrograms were used, nineteen in all, 
upon which both spectra had been measured. ‘These were given 
equal weight and combined into twelve normal places which resulted 
in twenty-four conditional equations of the form given by Harper. 

The correction found for e reduced it to zero, thus giving a 
circular orbit in which of course w and T are arbitrary. The time 
of maximum positive velocity for the primary was adopted for T. 
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Fic. 5.—Velocity-curves of 205 Draconis 


Since some of the corrections were rather large, a second 
least-squares solution, based upon the circular elements, was made. 
The quantity, }pv", for the final elements is about 25 per cent of 
the value it had for the preliminary elements. The preliminary 
elements of this binary are somewhat less accurate than was the 
case for the others. Corrected as indicated by the two solutions 
they gave the following elements and probable errors: 


P=3.76468 days a sin 1=5,058,000 km 
K=97.7+2.0km/sec. a, sin i= 5,089,000 km 
K,=08 .3 2.0 km/sec. m sin} i=1.48 © 
T=J.D. 2,422,159 .7691 040178 m, sin} i=1.47 © 


7 =-—18.8 km/sec. 
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The probable error of a velocity of unit weight derived from the 
nineteen spectrograms whose spectra are separated is = 4.5 km/sec. 
In the table of observations the residuals for those plates 
which did not contribute to the normal places have been placed in 
parentheses. It will be seen from the velocities or from the remarks 
that in all cases they were first measured as single spectra. Later 
it was found that by going to the extreme violet end of the spec- 
trum the increased dispersion gave some material for the velocities 
of both components, but in a region that has already departed from 
good focus. These measures have been given in the velocity 
columns, but the residuals indicate their relative inferiority. 

The intensities of the absorption lines for the two components 
were so little different that they could not be used as a reliable 
criterion of phase. The results for A and A, and the similarity 
of the spectra are in accord with this lack of difference in intensity. 

If Burnham’s conclusion that the plane of the orbit of the 
visual double is nearly in the line of sight is correct, and if the 
inclination of the spectroscopic orbit should be nearly the same, 
this binary would be a favorable case to examine for variability 
caused by eclipse. The large amplitudes A and A, are likewise 
favorable to this possibility. 


BOSS 5591 


Table VII contains the data for the nineteen spectrograms which 
form the material for deriving the orbit. Sixteen of these gave 
velocities for both components. The phase could not be determined 
with certainty from differences in the intensities of the spectral 
lines of the two components, which seem to be identical in spectral 
class Ag. As in the case of 205 Draconis, plates on successive 
nights, combined with pairs upon the same night (the latter to be 
sure that the period was not less than a day), resulted in a choice 
of 3.74860 days as best for grouping the observations about a 
single epoch. Preliminary elements were obtained as follows: 


P=3.74860 days K=97.8 km/sec. 
€=0.175 K,=08 .o km/sec. 
w=89°2 T=J.[D. 2,422,175.243 


WwW: = 269°2 y=+0.3 km/sec. 
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In correcting the preliminary elements only the velocities from 
plates showing both spectra were used, sixteen in all. The period 
was assumed to need no correction. Three pairs of plates, taken 
in each case at nearly the same time and at favorable parts of 
the orbit, furnished three normal places. Otherwise each plate 
furnished a conditional equation for both primary and secondary 
star. All plates used were given unit weight. 

Although corrections to the preliminary elements were twice 
derived by the method of least squares applied to the twenty-six 

TABLE VII 


OBSERVATIONS OF Boss 5591 





VELOCITY O-C 
PLATE No. DATE | G.M.T nae ee sitemeiiens wine a 
| | Second. Prim. | Second. Prim. 
ana Ss “ 7 aha aa 
km/sec. km/sec. 

7 7408... 1918 Sept. 23 1g>ri™ of524 — 03.4 +065.7 +12.9 7.9 
7577 Nov. 21 15 10 | 3.128 4! 94.7 | —81.0| — 5.1 | + 9.1 
7504 | 22 10 14 | 0.423 |— 81.3 | 481.4 —15.9 | + 8.7 
7626 Dec. 13 15 16 | 2.641 |+ 68.4 | —77.4 | — 6.4] —11.9 
7636 14 14 55 | 3.627 |+ 31.8 | —33.9 | —13.8 | + 2.8 
7643 15 15 02 | 0.882 |— 98.2 | +97.8 | —12.3 | + 4.9 
8365 1919 July 11 23 14 | 3.051 |+104.3 | —86.4 |] + 5.1 |] + 3.2 
5370 | 13 21.55 [267 i 76-2 +76.0 — 8.2 + 2.6 
8413 17 20 38 | 1.445 |— 50.0] +65.6 | — 1.0] + 8.9 
8437 19 19 45 | 3.408 |+ 94.5 ' —82.0 | +11.9 | — 8.9 
8443 Aug. 2 | 19 57 | 2.421 | +o.2 | 
8451 3 19 50 | 3.417 |+ 87.1 | —85.8 | + 5.7 | —13.8 
8450 4 © 05 | 3.594 |+ 59.9 | —5§2.5 | + ei = os 
8400. 4 | 20 06 | 0.680 |— 76.3 +9Q5.0 + 0.1 T 3.3 
3409.... | 5 18 40 1.620 | —~¢.@ 
$473 ..6.] 6 © 12 | 1.8509 | —o.4 | 

CC SO 008 Oct...2% 16 22 | 3.041 |+105.4 | —S0.0 | + 6.2 | + 9.5 

a 14 16 56 | 0.326 |— 50.8 | +66.3 | + 0.2 | + 7.8 
{. 15 10 40 z.380 i= 4.3 +00.7 — sr .3 mm 7.3 





* Seed 23. 


conditional equations, the corrections from the second solution were 
so small that the elements adopted as final and their probable 
errors are based upon the results of the first solution. These are: 


P=3.74860 days T =J.D. 2,422,175 -1577 =0%0880 
e=0.189+C.021 y=+4.2 km/sec. 

WwW, =82°66+9°00 a, sin = 4,728,000 km 

w= 262°66 +9°00 a sin i= 4,662,000 km 

K,=03 .2+2.8 km/sec. m, sin} i=1.17 © 


K=92.1+2.8 km/sec. m sin} i=1.i9 © 
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Attention is called to the fact that in giving the final elements, 
the order is the same as for the preliminary elements, but the 
subscripts have been changed, because the corrections to the 
elements have interchanged the two stars in respect to the semi- 
amplitudes, A and K,, and hence to their masses. 

Substitution of the unknowns derived from the first solution 
in the conditional equations gives residuals in substantial agree- 
ment with those derived from the final elements. pv is 64 per 
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cent of its value for the preliminary elements. The probable error 
of a velocity of unit weight for either component, on the basis of 
all residuals for plates with double spectra, is 6.4 km/sec. This 
is larger than that for either of the other two spectroscopic binaries 
showing double lines, and is to be accounted for in part by the 





fact that all plates were given unit weight. The spectral class is 
somewhat earlier than that of the others, which involves a greater 


uncertainty in the measures. 
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LALANDE 46867 
This spectroscopic binary shows only the spectrum of a single 
star of class K2 from which the absolute magnitude derived is 
+6.0. The twenty-five spectrograms available are listed in Table 
VIII. The velocity-curve, which proved satisfactory when all 
observations were assembled around a single epoch with P=6.7217 
days, yielded the following preliminary results: 


P=6.7217 days K=+39.2 km/sec. 
e=0.08 T=J.D. 2,422,220. 768 
w=20°5 = — 20. 2 km/sec. 


Plate 9492, for which the preliminary elements give a residual 
far larger than for any other plate in the table and which was found 
to be in poor focus except in the region of the H and K lines, was 
omitted from the least-squares solution but retained in the table 
because the velocity derived from the emission lines H and K, 
to be referred to later, agrees fairly well with the velocity com- 
puted from the elements. The twenty-four remaining plates were 
given equal weight and the period was assumed to be known with 
the requisite accuracy, since the interval between the first and 
last spectrograms corresponds to one hundred and seventy-nine 
revolutions of the binary in its orbit. When the remaining five 
elements had been corrected by the method of least squares, the 
new elements were found to decrease the quantity Zpv? by only 
3 per cent. Therefore, as so corrected, they are adopted as final 
and are given below with their probable errors: 


P=6.7217 days y= —19.8 km/sec. 
€=0.059+0.019 m: sin3 i i 
a =0.01250 
w= 18°6+16°3 (m+-m;,)? ‘ 
K = 38.50.76 km/sec. a sin i= 3,552,300 km 


The probable error for a single determination of velocity of 


weight unity is 2.8 km/sec. 

Plate y9671, obtained by Mr. Hoge on a partly cloudy night, is 
very strongly exposed and was noticed by him to have two emission 
lines in the violet. These proved to be H and K of calcium super- 
posed upon their usual broad absorption lines. Thereafter an 
effort was made to expose plates strongly enough to show this 
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feature of the spectrum. By using earlier plates which upon 

second examination showed this feature, velocities from these two 

emission lines were secured from twelve plates in all. They are 

listed in a separate column in Table VIII and placed in parentheses 

whenever they are derived from plates on which these lines are 

extremely feeble. Judging from the better-exposed plates, the 
TABLE VII 


OBSERVATIONS OF LALANDE 40867 


Plate No. Date G.M.T. Phase Ake Ties Hacd k Pg 
km/sec. km/sec km/sec. 
776036 | 1917 July 31 23h28m 04916 —I1.! — 3.3 
6367....| Nov. 23 16 38 | 1.401 | —25.5 — 
6499 Dec. 20 rior | 3.785 | 46.5 + 2.3 
7214" 1918 Aug. 17 23 20 6.548 +28. 5 + 7.9 
7271 27 22 47 3.007 eso + 2.0 
7410 Sept. 23 21 10 3.114 —53.0 + 2.9 
8722*...| 1919 Sept. 14 22 40 2.927 | —60.5 — 4.4 
C ss 1920 July 27 20 36 «| «3.921 —49.7 — 5.0 
79434. Aug. 4 22.33 1 5.276 — 4.2 - 2.6 
9492T 28 ox 28 | 2.340 — 30.7 —46.4 | -+14.0 
9504 29 | 23 25 3-440 — 48.06 —62.4) rT 4.6 
C 626 3 | 0 13 4.463 —33.5 4.0 
C 630 31 23 10 5.418 +59 + 2.9 
v9518} Sept. 1 21 26 6.357 | +15.4 +13 - 5.5 
C 665 25 160 27 3.252 | —58.3 — 3.0 
79578. ...| 26 20 21 4.415 | —27.9 + 3.1 
9587 27 | 21 00 5.442 + 8.6 (+ ° + 4.9 
0595 28 | I9 43 6.3890 + 20.6 (+25.9 — 0.3 
Q671 Oct. 26 19 Or | 0.750 + 4 + 2.1 t 45 
9675 ay}. a0 t5 1.802 | —39.4 — 29.6 ~ %.% 
9650 25 | 10 45 2.650 | —se.e | —¢7 .7 0.2 
C 738 3r | QO 31 5.772 + 9.7 + 9.3 3.2 
C 743 Nov. 1 [7 32 6.689 | +18.2 + 7.7 | — 
70734... 21 10 25 0.475 +15.8 rT 20.2 e.4 

C F74...>1 23 19 19 1.876 | —35.8 | (—34.6 + 4 

* Underexposed 
t Best focus around H and K. Plate not used in least-squares solution ¢ Focus poor. 


H and K emission lines yield the same velocities as the lines of the 
absorption spectrum. No satisfactory measures of the H and K 
absorption lines could be made. 

In general the absorption lines of Lalande 46867 seem to be less 
sharp than for the general run of stars of spectral class K2. 

The spectroscopic binary o Geminorum, spectral class Go, 
abs. mag. +1.1,* has been noted both by H. M. Reese,’ who announced 


Mt. Wilson Contr., No. 142; Astrophysical Journal, 46, 313, 1917. 


2 Lick Observatory Bulletin, No. 31, 2, 29, 1903. 
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its variable velocity, and by Harper," who published its orbit, to 
have abnormally fuzzy lines. Schwarzschild? reports having ob- 
served H and K emission lines in objective-prism spectrograms 
of g Geminorum. A plate of this star obtained by Mr. Duncan 
for the writer showed emission lines H and K but, relatively to the 
adjacent continuous spectrum, these were weaker than in Lalande 
46867. The velocity derived from the emission lines was in close 
agreement with that for the absorption lines and agreed as well as 


km/sec. 
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Fic. 7.—Velocity-curve of Lalande 46867 


could be expected with the velocity computed from Harper’s ele- 
ments. Hence these stars present several points of similarity: 
(a) spectral class; (6) character of absorption; (c) presence of 
emission lines for H and K; and (d) the fact that both are spectro- 
scopic binaries with eccentricities smaller and periods shorter than 
the average for binaries of this spectral class. There is a notable 
difference in the absolute magnitude (o Geminorum, +1.1, 
Lalande 46867, +6.0), associated with emission lines which are 
stronger relatively to the continuous spectrum in the case of the 
absolutely fainter star. 
Mount WILSON OBSERVATORY 
October 1920 


* Publications of the Roval Astronomical Society of Canada, 5, 200, 1911. 


2 Astrophysical Journal, 38, 292, 1913. 














PRESSURE-SHIFTS IN A CALCIUM ARC 
By L, F. MILLER 
ABSTRACT 


Pressure-shifts in calcium-arc spectrum, \ 3150 to }6500.—A 4-mm, 4-amp. arc 
between Ca electrodes, one water-cooled, the other pointed, was operated in a chamber 
in which the pressure was varied from 5 to 76 cm of Hg. By using the second order 
of a 21.5-ft. grating, shifts of 0.001 A could be detected. Table II gives the mean 
results for 75 lines. The H and K lines, the P and T series lines, and a few other 
lines show a shift of 0.001 A orless. All lines which broaden toward the violet show 
a shift toward the violet; all others tend to shift toward the red. The shift is the 
same for all lines of each term of a series, and increases with the term number, except 
that there is an indication that for the lower term of the T; series the shift is positive 
instead of negative as in the case of terms 4 to 6. Mechanical shifts were eliminated 


by comparison with iron lines of class a and 6. 


The present paper gives results on the measurement of pressure- 
shifts for all the principal lines in the photographic region of the 
calcium spectrum. 

A pparatus.—lIt will not be necessary to write a detailed descrip- 
tion of the apparatus, as conditions were kept, as far as possible, 
similar to those described by Gale and Whitney* in their study of 
the pole-effect. 

Light source-—The arc was formed between two calcium elec- 
trodes 9 mm in diameter, arranged in a horizontal position within 
a closed steel chamber where the pressure could be varied by 
means of an ordinary oil pump. ‘The pressure was changed from 
about 5 cm mercury as the lower pressure to atmospheric pressure 
as the higher pressure. If a greater value had been used, many of 
the most important lines, especially those of the first and second 
subordinate “‘triplet’’ series, would have become too broadened 
and diffuse for measurement. It was endeavored to maintain a 
constant length of arc of 4mm. ‘The positive pole was water- 
cooled and flat-faced, while the negative pole was rather sharply 
pointed. By this arrangement it was found possible to maintain a 


t Astrophysical Journal, 44, 65, 1910. 
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fairly constant arc. Interruption would occur principally when, 
after operating for a time, the electrode surface became coated 
with a crusted formation of non-conducting oxide. This length 
of time depended more or less on the amount of air present and the 
success with which the action of the arc could be uniformly distrib- 
uted over the surface of the electrode by the hand regulation of 
the arc. On some of the longer exposures it was necessary to open 
up the chamber one or more times during the course of the exposure 
to file off and clean the electrodes. The latter were sawed and 
machined out of very irregular chunks. The metal did not always 
seem to be of uniform consistency, and apparently this caused at 
times much fluctuation of the arc and rapid deterioration of the 
surface. 

Source of current.—A 110-volt direct current was used to operate 
the arc. <A suitable resistance was placed in the circuit to maintain 
a current of about 4 amperes. 

Condensing system.—The quartz window in the pressure cham- 
ber and the quartz condensing lens made it possible to obtain all 
the desired lines between A 6499.8 and \ 3158.9. By means of 
convenient regulations on the pressure chamber and condensing 
lens, the middle point of the arc image, enlarged four times, could 
be readily maintained on the slit. 

Dispersing system.—The second-order spectrum of a 21.5-foot 
Rowland concave grating was employed. The scale was 1.32 A 
per mm. 

Photographs. —The size of photographic plate used was 2X19 
inches, a length great enough to cover about 600 A. 

A large part of the work presented in this report was performed 
about three years ago, when it was almost impossible to get suitable 
materials. The war cut off completely the supply of extra-thin 
glass which had previously been used for these plates and which 
fitted so well the curvature of the plate-holder. The thinnest 
glass obtainable at this time was between 1/16 inch and 1/8 inch. 
Some of the plates could only be made to bend along the arc without 
breaking by slightly warming them and allowing each plate to 
rest on end supports with a suitable weight on the middle for a 
number of hours. This seemed to loosen up the glass structure 
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sufficiently to permit safely the necessary bending in the plate- 
holder. Films were used at the red end of the spectrum, but since 
the plate-holder was not made for films it was difficult to make 
them lie smoothly. If heavier celluloid could have been obtained, 
the films would have been very satisfactory. The occulting 
device described and used by Whitney’ was employed in this work. 
Being mounted from the floor, it avoided any danger of mechanical 
shifts due to changing of the shutter. The latter was arranged 
so as to expose a middle strip upon the plate when in one position 
and a strip above and below when in the other position. The 
middle was generally exposed at the high pressure and the strip 
above and below at the low pressure. 

Method of measurement.—The measurements of the shifts were 
obtained with a small comparator made by Wm. Gaertner & Co. 
A small candle-power incandescent lamp was arranged with a 
condensing lens to illuminate the field. This permitted a large 
increase of illumination of the field when necessary, with very 
little increase of the intensity of light about the room. A rheostat 
in circuit also permitted the adjustment of the intensity of illumi- 
nation to any desirable degree. 

It is well known by those working in this field that, because of 
the varying character of lines as well as incomplete and irregular 
photographic action, it is often necessary to study lines to a certain 
extent in order to determine their character, and that, on the other 
hand, looking at a line too long will fatigue the eye. Interposing a 
piece of green glass to give a green-colored field, especially with 
the more intense illuminations, was found of the greatest aid in 
reducing this fatigue. 

Procedure.—In order to obtain a measure of any mechanical 
shift which might occur during any exposure, iron filings were 
imbedded in, or placed on the top edge of, the electrodes, and 
from the pressure-shifts of certain iron lines previously determined 
by Gale and Adams?’ the correction constant was determined. 
All mechanical shifts were measured by those iron lines which are 
classified by Gale and Adams’ as class a lines. In a few instances 


* Astrophysical Journal, 44, 65, 1916. 


2 Ibid., 35, 10, 1912; 37, 391. 1913. 3 [bid. 
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some class } lines were used as a double check on the mechanical 
shift, and in one instance a class c line. The measurements with 
these latter lines corroborated those of the a lines. Exposures of 
the whole photographic region were obtained by moving the 
camera to seven successive positions from the red to the violet, 
as will be observed in Table I. This allowed considerable over- 
lapping of some regions, so that the correction constant from the 
iron lines could be applied to two adjacent regions, and afforded a 
double check on the mechanical shift. 


TABLE I 
N N 
I a eid coven ele 6500 to 5900 
cus ckamacaes 6150 to 5550 
I ian cucasow vat 5857 to 5261 
BE Tad gbnesndansnn 5270 to 4675 
sR ee 4725 to 4125 
ee | era 4175 to 3575 
en Rm ere 3725 to 3125 


Exposures in regions A and P were made on Wratten and 
Wainwright “Panchromatic”’ films; in regions B, I, and C on 
Cramer ‘Inst. Iso’; and in regions D and E partly on Cramer 
“Crown” plates and partly on Seed 27 dry plates. Owing 
to the difficulty of obtaining sufficient quantities of plates, three or 
four exposures were usually made on one plate. Incomplete and 
irregular photographic action on many plates, even on the more 
intense exposures, seemed to indicate a poor grade of films. Diffi- 
culties were also experienced with faulty developers. 

Results —Table II gives the results obtained. All lines are 
grouped under two general divisions, the series and the non-series 
groups. ‘The first column indicates the wave-lengths of the lines, 
and series designation, if any. The second column gives the 
shifts; the third, the number of plates measured; while the fourth 
column contains the average difference from the mean. The 
fifth shows the character of the broadening of the lines, as far as one 
could judge with a change of pressure of only one atmosphere. 
Unless there was a fairly definite indication of how the line broadens, 
it was marked “‘s,’’ symmetrical. Only a few of the lines seemed 
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TABLE II* 
: Average . Average yp... 
N Shift | NUm-| “Differ. | Broaden r shift |NUm-| “Differ. | Broaden- 
ber ing be ing 
ence ence 
SERIES GROUP 
(6499 8.| .002] 3 oo! S (4456.1 
| 0493.9.| .OO1! 4 .OOI | s 4454.9 
p 4 64 49.9.| .OO1| 4 oor] 5s T1,44 4435.8 -.001| 23 OO! uv 
| 4302.0.| .000) 4 OO! | S 4435.1 
| 4263.1.i—.60r| 4 oot s 4425.0 
( } f 
} 5041.9.] .O15| 4 OO! ur 3644.8 
SL, ) 4527-1.| .027| 11 002 | ur 3044.5 
4240. 5T Ps. 4 3642.2 929] 24 002 uv 
SI 4575.3.| O31 7 | £68 | ur 3030.5 
3 4355.4.| .068] 6 | O10 ur 3024.1 
| 
( 4586.1)| 3361.9 
ty4 4581.6 030] 21 002 ur T16% 3350.2 054] 12 908 uv 
4575.5) | 3344.4 
( secant , 
4095.0 0102.4 
ts4 4095.07| .044|) 16 003 ur T2; 4 6122.4 O12] 19 .002 s 
\ 4092.7) | | 0102.9 
| | 
4318.8.|—.oo1| 4 501 u\ ‘ 3973.8 
['< 4299.1.|—.001] 4 001 uN l'2,4 3957.2 o16| 18 903 ur 
4239.5 c0°0; 4 | Oo! uv 3949.1 
p, { 3737-1 3487.7 
2 27 OC To 7A o etd 
(3700.1f| .008) 14 | .0o1 sh l2;4 3474-97 | -041| 11 .005 ur 
3408.6) 
| 
> | 
s2Gt.4.| ers! ¢ | -O01 ur 3286.2 
P,{ 3179.4 O13} 4 | .001 ur T 264 3274.8 .046| 6 007 ur 
| 3155.9 | O14; 3 | OO! ur 3269.3 
| | 
H 3968 6.| .oo1| 8 001 Rs 
, » | , 4 
K 3933.8.| .oo1] 8 | .oo1 Rs 
Non-SERIES GROUP 
| | 
6471.8.| .002] 4 .OO1 s 5513.1..|—.023} 6 003 uv 
6462.7.| .oo1| 4 oor] s 5349.6 005] 7 O01 sh 
6439.3.| .OOI] 4 .OO1 S 5270.4 .004| 5 OO! sh 
6169.8.| .or2} 4 | .002] 5 5265.7..| .003] 9 OO! sh 
6169.3.| .013/ 3 | .002 | S 5204.4 O10] 6 901 sh 
) = | 
5857.7.| .022} 5 | .002 ur || 5262.4 O1o] 5 OO! sh 
5603.1.| .006] 12 | .002 . 5261.9 oI] 6 OO! sh 
| | ) , 
5601.1.} .006) 12 .OO1 s 5189.0. ./— .003] 7 OO! uv 
5595.06. 003} 4 .OOI s 4055.4 —.009} O SOI |} uv 
| | | , 
5594.6 -007} 4 | .002 | s 4307.9..]—.O0I] 4 OO! uv 
5590.3.| .005}) IO | .oor | s | 4240.5..| er 
5588.9.] .005} 5 | .003 | s 4226.9..| .o18| 7 .002 Rs 
5582.1.] .005] 10 | OO | s 
| ! 
*The wave-lengths and series designattons are from Kayser’s Handbuch, for ease of comparison with 
Whitney’s tables for pole-effect for these same lines. See Gale and Miller, Physical Review, 17, 428, 1921. 
tA 4240.5 was masked by A 4226.9. 
,. 
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to retain their sharpness more than the others and these are marked 
‘“sh.”? Unsymmetrical broadening to the red or to the violet is 
designated respectively by “‘ur” and “uv.” Only three lines are 
reversed with increase of pressure, and they remained symmetrical. 


b 


These are marked “Rs.”’ 

The results were arranged at first according to the order of the 
wave-lengths of the lines measured. Although there seems to be in 
general an increase in the magnitude of the pressure-shifts as one 
proceeds toward the shorter wave-lengths, there are so many 
exceptions that we cannot as yet see any definite law. The same 
thing is true in regard to the broadening of the lines. 

It is only when the results are arranged according to the series 
grouping of the lines that the observations take on a more definite 
character. Royds,* in his discussion on the different character of 
spectrum lines belonging to the same series, raised the question 
whether calcium would act like iron in that the unsymmetrical 
widening and pressure-shift both take place in the same direction. 
It will be observed from Table II that the first subordinate “‘triplet”’ 
series in calcium is unsymmetrically broadened toward the violet 
and the pressure-shift is toward the violet. In the second sub- 
ordinate “triplet”? series and also in the Fowler series t, and t, 
the unsymmetrical broadening is toward the red and the pressure- 
shift is toward the red. 

Royds also raised the question, as suggested by Moore,’ 
whether the Fowler series would have practically zero shift because 
the Zeeman effect was approximately zero, or whether there 
would be a large shift because the lines of this series are susceptible 
to density effects. The latter seems to be the case. 

Royds? also points out in his paper that lines in the same series 
may have entirely opposite characteristics in one part compared 
with the lines in another part. Thus in the first subordinate 
“triplet” series of barium, lines 5819, 5800, 5777, 5536, 5519, 
and 5424 broaden and shift to the red, while lines 4493, 4480, 
4393, 4323, and 4264 broaden and shift to the violet. The same 
change of characteristics appears possible in the first and second 

* Astrophysical Journal, 41, 154, 1015. 


2 Ibid., 33, 385, 1911. 3 Ibid., 41, 154, 1915. 





230 L. F. MILLER 


subordinate ‘triplet’? series of calcium. As one proceeds from 
the shorter wave-lengths to the longer, the broadening and shifts 
decrease, and if these quantities could be measured for the lower 
members in the infra-red, it appears that they would be in the 
opposite direction. There are strong indications that this is true 
at least in the first subordinate series. 

There are only a few lines which seem to tend to retain their 
sharpness more than the others as the pressure increases; they 
are the lines from \ 5270.4 to \ 5261.9 and the lines \ 3737.1 and 
3706.1 (P, series). 

Only three lines showed reversals in this work, the H and K 
lines and 4226.9. There are many lines marked ‘‘s” which 
would undoubtedly show unsymmetrical broadening with greater 
increase of pressure, but it was not perceptible within the limits 
here used. 

I wish to express my appreciation to the members of the Depart- 
ment of Physics of the University of Chicago for their aid and 
interest, especially Dr. Gale, who suggested this problem. I am 
also very grateful to the Department of Physics of the University 
of Nebraska for the loan of their comparator, with which most of 
the measurements were made. 


UNIVERSITY OF CHICAGO 
September 192c 














PREPARATION OF ABSTRACTS 


Every article in the Astrophysical Journal, however short, is to be preceded 
by an abstract which should be submitted by the author with the manuscript. 
In order that the abstract may aid the reader by furnishing an index and brief 
summary of the contents of the article, and may also be suitable for reprinting 
in an abstract journal, it should be of the type of those which have been 
appearing in the Astrophysical Journal during 1920. It is requested that the 
abstracts be prepared in accordance with the following: 


DIRECTIONS AND RULES 


1. Voles.—Read the article carefully, taking rough notes covering all the 
new information reported, keeping a specially sharp lookout for new incidental 
results and suggestions not directly related to the main subject. 

Material not new need not be described; a valuable summary of previous 
work, however, should be noted. 

2. Subdtitles.—Write, first, a title describing the group of results forming 
the main contribution of the article, including all that belong together. If 
there are in addition results which do not come under that title, gather them 
into as few groups as possible and formulate a complete and precise title for 
each. For examples of such subtitles see the italicized parts of the abstracts 
for 1920. 

Each subtitle should describe the corresponding information so precisely 
that the chance of any investigator being misled into thinking the article 
contains the particular information he desires when it does not, or vice versa, 
may be small. ‘Zeeman effect for metallic furnace spectra” is too broad 
unless all metals have been studied, for an investigator may be interested 
at the time, in only one metal; but ‘Infra-red arc spectrum of iron to 34” 
evidently satisfies this rule. 

In general a subtitle is sufficiently precise if it carries the classification of 
the information three stages or the equivalent, for instance if it gives (a) the 
elements and substances, (}) the property, and (c) the phase or range studied. 

The subtitles should together form a complete index of the new information; 
that is they should include every measurement, observation, method, suggestion, 
and theory which is presented as new and of value in itself. They should be 
complete in themselves and independent of the main title of the article. 

3. Text.—Write a paragraph summarizing the main group of results and 
including the corresponding subtitle either all at the beginning or with parts 
scattered through the text; and then do likewise for the other groups. 

«The rules and illustrative abstracts were prepared by G. S. Fulcher, chiefly 
while associated with the National Research Council. 
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< 


A separate paragraph should be used for each distinct subject involved, but 
no more than necessary. All material which can easily be grouped together 
under a single title should be summarized in the same paragraph. Parts of 
subtitles may be scattered through the text, but the subject of each paragraph 
must be given at the beginning. Italicize subtitles but no other words or 


phrases. 

The text should summarize the author’s conclusions and should transcribe all 
numerical results of general interest, including all that might be looked for 
in a table of astronomical and physical constants, with an indication of the 
accuracy of each. It should give all the information that anyone, not a 
specialist in the particular field involved, might care to have in his notebook. 

Complete sentences should be used except in the case of subtitles. The 
abstract should be made as readable as the necessary brevity will permit. 

4. Final checking.—Re-read the article so as to check the abstract and 
correct any omissions and mistakes; read the subtitles by themselves to see 
that they properly index the information; and read the abstract to see whether 
it cannot be condensed and its English be improved. 





